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  receptor	  ER	   endoplasmatic	  reticulum	  FERM	   4.1	  protein	  ezrin	  radixin	  moesin	  FLIM	   Fluorecence	  liftime	  imaging	  microscopy	  FN	   fibronectin	  FRET	   Förster	  resonance	  energy	  transfer	  GFP	   green	  fluorecent	  protien	  HeLA	   cervical	  epithelial	  cancer	  cell	  	  (Henrietta	  Lacks)	  HEPES	   N-­‐2-­‐hydroxyethylpiperanzine-­‐N´-­‐2-­‐ethanesulfonic-­‐	  acid	  Hz	   hertz	  IF	   Immunofluorescence	  JM	   juxtamembrane	  KD	   Kinase	  domain	  KIM	   kinase-­‐interacting	  motif	  	  LMPTP	   low	  molecular	  tyrosine	  specific	  PTP	  MCF7	   Michigan	  cancer	  foundation	  7	  min	   minutes	  MKP	   MAP	  kinase	  phosphatases	  	  mTFP	   monomeric	  teal	  fluorescent	  protein	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ABSTRACT	  	  The	  activity	  of	  the	  epidermal	  growth	  factor	  receptor	  (EGFR)	  and	  its	  interactions	  with	   protein	   tyrosine	   phosphatases	   (PTPs)	   is	   what	   determines	   growth	   factor	  signaling.	   Due	   to	   its	   intrinsic	   autocatalytic	   properties,	   EGFR	   can	   undergo	  autonomous	  ligand	  independent	  activation.	  EGFR	  in	  this	  case,	  cycles	  between	  the	  plasma	  membrane	  (PM)	  and	  recycling	  endosomes	  where	  PTPs	  dephosphorylate	  the	   receptor	   to	   avoid	   spurious	   receptor	   signals.	   EGF-­‐induced	   receptor	  dimerization	  results	  in	  a	  robust	  trans-­‐phosphorylation	  of	  tyrosine	  residues	  that	  allows	   stable	   binding	   of	   signaling	   effectors.	   The	  majority	   of	   EGFR	   at	   the	  PM	   is	  internalized	   and	   undergoes	   degradation	   in	   lysosomal	   compartment.	   After	  internalization,	   the	  EGFR	  encounters	  PTPs	  at	  different	  cellular	   locations,	  which	  thereby	   regulate	   the	   signal	   duration	   of	   the	   receptor.	   Moreover,	   specific	  dephosphorylation	   of	   phosphotyrosines	   that	   are	   required	   for	   ubiquitin	   ligase	  (Cbl)	   binding	   reduces	   the	   receptor	   ubiquitylation	   and	   thereby	   its	   degradation	  rate.	   Due	   to	   their	   dephosphorylation	   activity,	   PTPs	   were	   thought	   as	   negative	  regulators	   of	   RTK	   signalling,	   but	   it	   has	   been	   shown	   that	   PTPs	   also	   promote	  receptor	   phosphorylation	   by	   activating	   cytosolic	   kinases	   that	   in	   turn	  phosphorylate	   RTKs	   (Julien	   et	   al.,	   2011).	   To	   understand	   the	   spatial-­‐temporal	  regulation	   of	   EGFR	   phosphorylation	   by	   PTPs,	   we	   used	   CA-­‐FLIM	   (Grecco	   et	   al.,	  2010).	  This	  method	  allowed	  us	  to	  quantify	  the	  phosphorylated	  fraction	  of	  EGFR	  in	   cells,	   upon	   perturbation	   of	   PTP	   expression	   by	   siRNAs	   or	   cDNAs.	   Upon	  opposing	  perturbations,	  we	  identified	  several	  PTPs	  that	  have	  indicated	  either	  a	  negative	   or	   positive	   effect	   on	   EGFR	   phosphorylation.	   Classification	   of	   the	  temporal	   phosphorylation	   profiles	   of	   EGFR	   discovered	   5	   functional	   groups	   of	  PTPs	  acting	  at	  early	  and/or	   late	  time	  points	  after	  EGF	  stimulation.	  PTPs	  within	  each	   group	   showed	   differences	   in	   their	   regulatory	   influence	   highlighting	  individual	  impact	  in	  EGF	  signaling.	  Predominantly	  cytosolic	  PTPs	  regulated	  early	  EGFR	  phosphorylation,	  whereas	  receptor-­‐like	  PTPs	  (RPTPs)	  induced	  a	  transient	  response	   profile.	   Analysis	   of	   the	   spatial-­‐temporal	   phosphorylation	   profile	   of	  EGFR	   upon	   PTPRA,	   PTPN1	   or	   PTPN2	   expression	   showed	   an	   almost	   abolished	  axial	   phosphorylation	   of	   EGFR	   that	   might	   promote	   receptor	   recycling.	   In	  contrast,	   we	   identified	   a	   positive	   regulatory	   function	   of	   MTM1,	   DUSP7	   and	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ZUSAMMENFASSUNG	  -­‐	  DEUTSCH	  	  Die	   Aktivität	   des	   Epidermalen-­‐Wachstumsfaktor-­‐Rezeptor	   (EGFR)	   und	   dessen	  Interaktionen	   mit	   Protein-­‐Tyrosin-­‐Phosphatasen	   (PTPasen)	   bestimmt	   die	  Signalweiterleitung	   verursacht	   durch	   Wachstumsfaktoren.	   Der	   EGFR	   besitzt	  intrinsisch-­‐autokatalytische	  Eigenschaften	  welche	  es	  ihm	  ermöglichen	  auch	  ohne	  Ligand	  aktiviert	  zu	  werden,	  unterliegt	  jedoch	  einem	  Recyclingzyklus	  und	  bewegt	  sich	  zwischen	  der	  Plasmamembran	  (PM)	  und	  Recyclingendosomen	  wo	  er	  durch	  PTPasen	  dephosphoryliert	  wird	  und	  so	  ungewollte	  Rezeptorsignale	  verhindern	  werden.	  Eine	  EGF-­‐induzierte	  Rezeptordimerisierung	  resultiert	  in	  einer	  robusten	  
Trans-­‐phosphorylierung	   von	   Tyrosinseitenketten	   und	   erlaubt	   so	   eine	   stabile	  Bindung	  für	  Signaleffektoren	  am	  Rezeptor.	  Die	  Mehrheit	  der	  EGFR	  Moleküle	  an	  der	   PM	   werden	   internalisiert	   und	   in	   lysosomalen	   Kompartimenten	   abgebaut.	  Durch	   die	   Internalisierung	   begegnet	   der	   EGFR	   PTPasen	   mit	   verschiedensten	  zellulären	  Lokalisationen	  welche	  die	  Signaldauer	  des	  Rezeptors	   regulieren.	  Die	  spezifische	  Dephosphorylierung	  von	  Phosphotyrosinen	  die	   für	   eine	   Interaktion	  mit	   Ubiquitin-­‐Ligasen	   (Cbl)	   benötigt	   werden	   verringert	   außerdem	   die	  Ubiquitinierung	   des	   Rezeptor	   und	   dadurch	   dessen	   Abbaurate.	   Wegen	   ihrer	  dephosphorylierenden	  Eingenschaften	  wurden	  PTPasen	  meist	   nur	   als	   negative	  Regulatoren	   von	   Rezeptor-­‐Tyrosinkinasen	   (RTKasen)	   beschrieben.	   Es	   konnte	  jedoch	  gezeigt	  werden	  das	  PTPasen	  auch	  die	  Rezeptorphosphorylierung	  fördern	  können	   indem	  sie	  zum	  Beispiel,	  zytosolische	  Kinasen	  aktivieren	  die	  wiederrum	  RTKasen	   phosphorylieren	   können	   (Julien	   et	   al.,	   2011).	   Um	   die	   räumliche	   und	  zeitliche	   Regulierung	   des	   EGFRs	   durch	   PTPasen	   zu	   verstehen	  wurde	   in	   dieser	  Arbeit	  CA-­‐FLIM	  verwendet	  (Grecco	  et	  al.,	  2010).	  Diese	  Methode	  ermöglicht	  eine	  Quantifizierung	   der	   phosphorylierten	   Fraktion	   des	   EGFRs	   in	   Zellen	   die	   durch	  siRNA-­‐	  oder	  cDNA-­‐	  Transfektionen	  ein	  verändertes	  Expressionslevel	  spezifischer	  Phosphatasen	   besitzen.	   Durch	   reziproke	   Modulation	   des	   Expressionslevels	  konnte	   gezeigt	   werden,	   dass	   mehrere	   PTPasen	   einen	   negativen	   oder	   positive	  Effekt	  auf	  die	  Phosphorylierung	  des	  EGFRs	  haben.	  Durch	  eine	  Klassifikation	  der	  zeitlich	   aufgelösten	   Phosphorylierungsprofile	   des	   EGFRs	   konnten	   die	  untersuchten	   PTPasen	   in	   fünf	   funktionelle	   Gruppen	   eingeteilt	   werden	   die	  entweder	  früh	  und/oder	  spät	  nach	  der	  EGF	  Stimulierung	  agieren.	  	  Phosphatasen	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jeder	  Gruppe	  zeigten	  Unterschiede	  in	  ihrem	  regulatorischen	  Einfluss	  was	  deren	  individuelle	   Bedeutung	   im	   EGF	   Signalweg	   wiederspiegelt.	   Vorzugsweise	  regulierten	   zytosolische	   Phosphatasen	   den	   EGFR	   früh	   nach	   EGF	   Stimulierung	  während	   Rezeptor-­‐PTPasen	   (RPTPasen)	   ein	   transientes	   Phosphorylierungpofil	  verursachten.	   Die	   Analyse	   des	   räumlich-­‐zeitlichen	   Phosphorylierungsprofiles	  des	  EGFRs	  zeigte	  das	  eine	  erhöhte	  Expression	  von	  PTPRA,	  PTPN1	  oder	  PTPN2	  zu	  einer	   stark	   abgeschwächten	   axialen	   Phosphorylierung	   führte	   welches	  Rezeptorrecycling	   fördern	   könnte.	   Im	   Gegensatz	   dazu	   wurde	   eine	   positive	  regulatorische	   Funktion	   für	   MTM1,	   DUSP7	   und	   PTPN21	   identifiziert	   welche	  mittels	   multiparametrischer	   Einzelzellanalyse	   weiter	   verifiziert	   wurde.	   Eine	  erhöhte	   Expression	   dieser	   Phosphatasen	   verursachte	   eine	   frühe	   Amplifikation	  der	   Rezeptorphosphorylierung	   nahe	   der	   PM.	   Unsere	   Resultate	   lassen	   uns	  vermuten,	  das	  MTM1	  und	  PTPN21	  den	  Rezeptorabbau	   inhibieren	  was	  zu	  einer	  erhöhten	   Phosphorylierungsrate	   des	   internalisierten	   EGFRs	   führt.	   Die	   hier	  präsentierte	   Arbeit	   liefert	   neue	   Einblicke	   darüber	   wann	   und	   wo	   PTPasen	   die	  Phosphorylierung	  des	  EGFRs	   regulieren	  und	  wie	  diese	  Regulation	  die	   zelluläre	  Antwort	  beeinflussen	  könnte.	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1.1	  	   Opposing	  activities	  determine	  cellular	  responses	  	  Recent	  advancements	  in	  our	  understanding	  of	  signaling	  molecules	  and	  their	  role	  in	  signal	   transduction	  have	   led	  to	  an	  evolution	   in	  our	  conceptualization	  of	  how	  extracellular	   signals	   are	   processed	   to	   generate	   specific	   and	   robust	   cellular	  responses.	  The	  traditional	  understanding	  of	  cellular	  signaling	  as	  linear	  cascades	  of	   biochemical	   reactions,	   has	   been	   replaced	   by	   the	   notion	   of	   an	   integrated	  
“signaling	   network”,	   which	   better	   represents	   the	   fundamental	   nature	   of	   signal	  transduction.	   Individual	   cellular	   pathways	   cannot	   be	   considered	   in	   isolation	  from	   each	   other	   as	   they	   often	   share	   signaling	   components	   in	   a	   highly	  overlapping	  interconnected	  manner.	  Furthermore,	  cellular	  signaling	  is	  subject	  to	  extensive	  regulation	  by	  a	  variety	  of	  mechanisms	  (e.g.	  feedback	  loops	  to	  switch	  off	  or	  to	  trigger	  the	  duration	  of	  a	  signal).	  Following	  a	  general	  principle	  in	  nature,	  cell	  signaling	   operates	   with	   opposing	   tendencies	   favoring	   one	   or	   the	   other	   state	  dependent	  on	  the	  given	  signaling	  context	  (Grecco	  et	  al.,	  2011b).	  On	  the	  molecular	  level,	  proteins	  with	  opposing	  activities	  are	  essential	  to	  keep	  homeostasis	  but	  also	  allow	   dynamic	   systems	   to	   react	   according	   to	   a	   given	   extracellular	   stimulus.	  Among	   various	   cellular	   mechanisms,	   post-­‐translational	   modifications,	   such	   as	  phosphorylation,	  alter	  enzymatic	  activities	  or	  binding	  affinities	  in	  a	  dynamic	  and	  reversible	  way,	   well	   suited	   for	   rapidly	   transmitting	  messages	   and	   terminating	  them	  just	  as	  quickly.	  	  	   The	   activity	   of	   receptor	   tyrosine	   kinases	   (RTKs)	   and	   protein	   tyrosine	  phosphatases	   (PTPs)	   is	   an	   excellent	   example	   of	   duality	   in	   cellular	   signaling.	  Their	  opposing	  activities	  maintain	  physiological	  levels	  of	  phosphor-­‐proteins	  and	  regulate	  the	  cell	  response	  upon	  growth	  factor	  stimulation	  by	  controlling	  the	  rate	  of	   phosphorylation	   reactions	   within	   the	   cell.	   Growth	   factor	   binding	   induces	  kinase	   activation,	   thereby	   shifting	   the	   equilibrium	   to	   favor	  RTK	   activity.	   It	   has	  been	  shown	  that	  the	  activation	  of	  RTKs	  is	  dependent	  on	  the	  balance	  between	  the	  intrinsic	   autocatalytic	   RTK	   activity	   and	   competing	   PTP	   inhibition,	   a	   double	  negative	  feedback	  motif	  that	  generates	  a	  bistable	  system	  (Reynolds	  et	  al.,	  2003;	  Tischer	   and	   Bastiaens,	   2003).	   The	   inhibition	   of	   PTPs	   is	  mediated	   by	   a	   ligand-­‐induced	  production	  of	  reactive	  oxygen	  species	  (ROS)	  locally	  at	  the	  PM	  that	  leads	  
Introduction	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to	   the	   reversible	   oxidation	  of	   the	   catalytic	   cysteine	   residue	  of	   PTPs	   (Denu	   and	  Tanner,	  1998;	  Meng	  et	  al.,	  2002).	  As	  a	  result,	  RTKs	  that	  are	  negatively	  regulated	  by	   PTPs	   will	   exhibit	   enhanced	   phosphorylation	   due	   to	   their	   intrinsic	   kinase	  activity	   (Ostman	   and	   Bohmer,	   2001).	   Such	   a	   system	   represents	   a	   threshold-­‐dependent	  switch	  that	  both	  prevents	  spurious	  signals	  in	  absence	  of	  ligand	  while	  amplifying	  the	  phosphorylation	  signal	  when	  a	  certain	  threshold	  concentration	  of	  ligand	   is	   present	   (Reynolds	   et	   al.,	   2003).	   This	   system	   also	   explains	   the	  observation	   of	   lateral	   phosphorylation	   propagation,	   in	   which	   a	   wave	   of	   RTK	  phosphorylation	   leads	   to	   full	   activation	   of	   the	   receptor	   population	   at	   the	   PM,	  even	  in	  regions	  where	  the	  cell	  was	  not	  exposed	  to	  ligand	  (Verveer	  et	  al.,	  2000b).	  Ligand-­‐induced	   activation	   of	   RTKs	   induces	   the	   local	   production	   of	   ROS,	  which	  could	  rapidly	  diffuse	  through	  the	  cell	  and	  could	  result	  in	  the	  inactivation	  of	  PTPs	  further	  away,	  resulting	  in	  an	  increased	  level	  of	  phosphorylated	  receptors	  as	  the	  signal	   is	   propagated	   (Tischer	   and	   Bastiaens,	   2003).	   In	   this	   way,	   the	   balanced	  action	   of	   RTKs	   and	   PTPs	   is	   considered	   a	   major	   switch	   of	   many	   signal	  transduction	   networks	   (Tonks,	   2006),	   including	   the	   epidermal	   growth	   factor	  receptor	   (EGFR/ErbB)	   network.	   The	   intrinsic	   kinase	   activity	   of	   EGFR,	   is	  dependent	  on	  an	  allosteric	  interaction	  of	  dimerized	  kinase	  domains	  and	  does	  not	  require	   specific	   trans-­‐phosphorylation	   events	   like	   other	   RTKs	   (Lemmon	   and	  Schlessinger,	  2010).	  However,	  EGFR	  possesses	  autocatalytic	  properties	  that	  are	  dependent	   on	   specific	   phosphorylation	   events	   e.g.	   pY845	   that	   enhances	   its	  ability	  to	  form	  active	  dimers	  (Shan	  et	  al.,	  2012).	  	  EGF	   binding	   and	   subsequent	   structural	   alterations	   stabilizes	   the	   dimer	  formation	   allowing	   activation	   and	   trans-­‐autophosphorylation	   of	   C-­‐terminal	  tyrosine	  residues	  which	  serve	  as	  docking	  sites	  for	  downstream	  effectors,	  such	  as	  those	  containing	  Src	  homology-­‐2	   (SH2)	  and/or	  phosphotyrosine-­‐binding	   (PTB)	  domains.	  Like	  other	  RTKs,	  EGFR	  follows	  distinct	   trafficking	  pathways	  following	  growth	   factor	   stimulation.	   In	   the	   absence	   of	   growth	   factor,	   EGFR	   traffics	  constitutively	  between	  the	  PM	  and	  recycling	  endosomes	  (G.	  Xouri,	  unpublished	  data).	   EGF	   stimulation	   induces	   a	   robust	   phosphorylation	   of	   EGFR	   and	   thereby	  favors	   the	   recruitment	   of	   SH2/PTB	   containing	   adaptors	   and	   enzymes	   to	  phosphorylated	   tyrosine	   residues	   of	   the	   receptor.	   These	   proteins	   can	   either	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activate	   signaling	   networks,	   such	   as	   the	   mitogen-­‐activated	   protein	   kinase	  (MAPK)	   network	   (including	   Raf,	   Mek	   and	   Erk),	   or	   initiate	   signal	   termination	  events	  such	  as	  the	  ubiquitylation	  ligase	  Cbl,	  which	  mediates	  a	  rapid	  transport	  of	  activated	   EGFR	   to	   degradation	   compartments	   (Levkowitz	   et	   al.,	   1999;	  Umebayashi	   et	   al.,	   2008).	   	   Receptor	   trafficking	   following	   ligand	   activation	   also	  transports	  the	  active	  receptor	  deeper	  inside	  the	  cell.	  It	  has	  been	  shown	  that	  the	  composition	  of	  signaling	  molecules	  associated	  with	  an	  active	  receptor	  can	  differ	  between	   the	   PM	   and	   endosomal	   compartments.	   Some	   evidence	   suggests	   that	  these	   endocytic	   events	   may	   in	   fact	   be	   required	   to	   activate	   some	   downstream	  networks	  including	  the	  MAPK	  cascade	  (Miaczynska	  et	  al.,	  2004;	  Sigismund	  et	  al.,	  2008).	  	  	  Several	  receptor	  like	  PTPs	  (RPTPs)	  have	  been	  identified	  that	  regulate	  the	  phosphorylation	  of	  EGFR	  including	  PTPRS,	  PTPRJ	  (DEP-­‐1)	  or	  PTPRK,	  which	  are	  all	  localized	  at	  the	  PM	  like	  EGFR	  (Suarez	  Pestana	  et	  al.,	  1999;	  Tarcic	  et	  al.,	  2009).	  Other	  examples,	  includes	  PTPN1	  (PTP1B)	  which	  is	  localized	  at	  the	  cytosolic	  face	  of	   the	   endoplasmic	   reticulum	   (ER)	   (Flint	   et	   al.,	   1997;	   Liu	   and	  Chernoff,	   1997).	  Due	  to	  its	   localization,	   it	  has	  been	  shown	  that	  PTPN1	  dephosphorylate	  EGFR	  at	  the	   interface	   between	   ER	   and	   endosomal	   compartments	   (Haj	   et	   al.,	   2002).	  Similarly	  to	  these	  examples,	  all	  PTPs	  occupy	  distinct	  cellular	  localizations	  which	  can	  also	  differ	  among	  different	  growth	  factors	  (den	  Hertog	  et	  al.,	  2008),	  adding	  a	  spatial	   organization	   to	   the	   interaction	   between	   EGFR	   and	   PTPs.	   As	  mentioned	  before,	  EGFR	  traffics	  constantly	  between	  the	  PM	  and	  recycling	  endosomes	  in	  the	  absence	   of	   ligand.	   However,	   due	   to	   its	   intrinsic	   autocatalytic	   properties,	   EGFR	  has	  the	  potential	  to	  be	  activated	  even	  in	  the	  absence	  of	  ligand,	  but	  a	  constant	  PTP	  activity	  maintains	  tonic	  suppression	  that	  prevents	  spurious	  receptor	  signaling	  in	  this	   case.	   The	   interaction	   of	   EGFR	   with	   PTPs	   at	   the	   basal	   level	   thereby	  determines	   the	   required	   ligand	   concentration	   that	   is	   needed	   to	   generate	   a	  downstream	   signal,	   although	   this	   threshold	   may	   differ	   from	   ligand	   to	   ligand	  (Reynolds	   et	   al.,	   2003).	   After	   EGF	   binding,	   however,	   the	   availability	   and	  composition	   of	   phosphorylated	   docking	   sites	   at	   the	   C-­‐terminus	   of	   EGFR	   is	  dependent	   on	   the	   dephosphorylation	   activity	   of	   PTPs	   that	   the	   receptor	  encounters	   at	   the	  PM	  and	  during	   its	   trafficking	   in	   endosomes.	   In	   this	  way,	   the	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spatial	   interactions	   of	   EGFR	   with	   PTPs	   determine	   the	   nature	   of	   the	   signaling	  properties	   at	   the	   PM	   and	   in	   endosomal	   compartments.	   In	   the	   same	  way,	   PTPs	  also	   control	   the	   trafficking	   behavior	   by	   dephosphoryation	   of	   docking	   sites	  required	   for	   Cbl-­‐mediated	   ubiquitylation,	   which	   targets	   the	   receptor	   for	  lysosomal	  degradation.	  Specific	  dephosphorylation	  of	  these	  sites	  by	  PTP	  activity	  leads	   to	   a	   reduction	   in	   EGFR	   degradation	   (Tarcic	   et	   al.,	   2009)	   resulting	   in	   a	  prolonged	   lifetime	  of	  activated	  receptor.	   In	  summary,	   the	  spatially	  coordinated	  dephosphorylation	   of	   EGFR	   docking	   sites	   by	   PTPs	   controls	   signal	   duration	   in	  response	  to	  growth	  factor	  stimulation.	  The	  result	  of	  these	  EGFR-­‐PTP	  interactions	  generates	   distinct	   spatial-­‐temporal	   phosphorylation	   patterns	   inside	   the	   cell	  (Grecco	  et	  al.,	  2011b).	  	  	   The	  downstream	  signaling	  of	  EGFR	  or	  other	  RTKs	  is	  organized	  in	  a	  highly	  conserved	   core	   process	   that	   integrates	   a	   dense	   array	   of	   strongly	   coupled	   sub-­‐networks	   (modules)	   containing	   a	   remarkably	   small	   set	   of	   core	   signaling	  molecules	   (Citri	   and	  Yarden,	   2006;	  Ma	   and	   Zeng,	   2003).	   The	   understanding	   of	  how	   distinct	   cell	   responses	   induced	   by	   different	   external	   growth	   factors	   are	  generated	   by	   shared	   protein	  modules	   remains	   one	   of	   the	  major	   challenges	   in	  systems	   biology.	   Insights	   into	   this	   phenomenon	   came	   from	   studies	  with	   PC12	  cells,	  a	  model	  for	  neuronal	  differentiation	  (Greene	  and	  Tischler,	  1976).	  Whereas,	  stimulation	   of	   PC12	   cells	   with	   nerve	   growth	   factor	   (NGF)	   resulted	   in	   neurite	  outgrowth	   (differentiation),	   EGF	   treatment	   resulted	   in	   cell	   proliferation	  (Marshall,	   1995).	   While	   both	   cell	   responses	   are	   controlled	   by	   the	   mitogen	  activated	  protein	   kinase	   (MAPK)	  network	   that	   consist	   of	   the	  Raf,	  Mek	   and	  Erk	  cascade,	   this	   study	   demonstrated	   notable	   differences	   in	   the	   duration	   of	   Erk	  activity	  between	  different	  growth	  factors.	  Erk	  activity	  was	  sustained	  when	  cells	  were	   stimulated	   by	   NGF,	   but	   showed	   a	   transient	   Erk	   activity	   upon	   EGF	  treatment.	  The	  observation	  that	  signal	  duration	  can	  determine	  the	  response	  of	  a	  cell	   was	   later	   extended	   to	   other	   cellular	   models	   and	   other	   growth	   factors	  (Murphy	  et	  al.,	  2002;	  Nagashima	  et	  al.,	  2007;	  Neve	  et	  al.,	  2002;	  Thottassery	  et	  al.,	  2004).	  MCF7	  cells	  showed	  similar	  signaling	  input-­‐output	  relationships:	  sustained	  Erk	   activity	   induced	   cellular	   differentiation,	   whereas	   transient	   Erk	   activity	  induces	   proliferation	   (Nagashima	   et	   al.,	   2007).	   Work	   from	   Murphy	   and	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colleagues	  (2002)	  has	  provided	  insight	  into	  how	  transient	  versus	  sustained	  Erk	  activity	  can	  differ	  in	  the	  transcription	  patterns	  induced.	  Whereas	  both	  transient	  and	   sustained	   Erk	   activity	   induce	   transcription	   of	   immediate	   early	   gene	   (IEG)	  products	   such	   as	   the	   transcription-­‐factor	   c-­‐Fos,	   only	   a	   sustained	   Erk	   activity	  causes	  phosphorylation	  and	  stabilization	  of	  such	  products	  and	  thereby	  results	  in	  differential	  gene	  expression	  (Murphy	  et	  al.,	  2002;	  Nagashima	  et	  al.,	  2007).	  On	  the	  level	   of	   transcriptional	   networks,	   a	   structure	   in	   which	   an	   initial	   input	   (active	  Erk)	  induces	  an	  intermediate	  signal	  in	  form	  of	  the	  c-­‐Fos	  transcription	  and	  both,	  the	   initial	   and	   the	   intermediate	   signal	   are	   needed	   to	   generate	   the	   final	   output	  (phosphorylated	  and	  stabilized	  c-­‐Fos),	   is	   termed:	  a	  coherent	   feed-­‐forward	   loop	  (CFL)	  (Mangan	  et	  al.,	  2003;	  Nakakuki	  et	  al.,	  2010).	  Owing	  to	  the	  time	  lag	  between	  transcription	   initiation	   and	   translation	   of	   c-­‐Fos,	   this	   CFL	   structure	   acts	   as	   an	  “AND-­‐gate”	   to	   convert	   the	   sustained	  versus	   transient	  Erk	   temporal	  profile	   into	  an	   all-­‐or-­‐none	   response	   (Alon,	   2007;	   Nakakuki	   et	   al.,	   2010).	   Erk	   activity	   also	  induces	   the	   transcription	   of	   dual-­‐specific	   phosphatases	   (DSPs)	   or	   in	   particular	  MAPK-­‐phosphatases	   (MKPs)	   (Brondello	   et	   al.,	   1999).	   Active	   MAPKs	  phosphorylate	  MKPs,	  which	   enhances	   the	   stability	   of	  MKPs	   analogous	   to	   c-­‐Fos	  (Brondello	  et	  al.,	  1999).	  	  In	  addition	  to	  the	  described	  CFL	  structure,	  the	  increased	  level	  of	  MKPs	  induces	  a	  negative	  feedback	  loop	  that	  provides	  the	  c-­‐Fos	  response	  with	  robustness	  to	  system	  perturbations	  (Nakakuki	  et	  al.,	  2010).	  These	  examples	  demonstrate	  how	  the	  signal	  duration	  of	  Erk	  can	  be	  converted	  into	  an	  all-­‐or-­‐none	  response	   at	   the	   transcriptional	   level	   to	   govern	   the	   cellular	   response.	  Thus,	   the	  question	   remains	   how	   different	   Erk	   dynamics	   are	   generated	   from	   upstream	  processes.	   Different	  mechanisms	  were	   postulated	   to	   explain	   the	   differences	   in	  the	  Erk	  activation	  dynamics	  upon	  different	  growth	  factor	  stimulations	  and	  give	  insights	  into	  how	  different	  Erk	  activations	  lead	  to	  the	  all	  or	  none	  response	  (Kao	  et	  al.,	  2001;	  Santos	  et	  al.,	  2007;	  Sasagawa	  et	  al.,	  2005).	  For	  example,	  systematic	  perturbation	   studies	   in	   PC12	   cells	   combined	   with	   modular	   response	   analysis	  (Kholodenko	   et	   al.,	   2002)	   uncovered	   topological	   differences	   within	   the	   MAPK	  network	  dependent	  on	  whether	  cells	  were	  stimulated	  with	  NGF	  or	  EGF	  (Santos	  et	  al.,	  2007).	  Cell	  stimulation	  with	  NGF	  induced	  a	  positive	  feedback	  from	  Erk	  to	  the	  upstream	  kinase	  Raf	   leading	  to	  a	  prolonged	  activity	  of	  Erk.	   In	  contrast,	  Erk	  activation	  by	  EGF	  inhibits	  Raf	  through	  a	  negative	  feedback	  loop	  that	  results	  in	  a	  
Introduction	  
	   	   	  	   13	  
transient	   Erk	   response	   (Santos	   et	   al.,	   2007).	   This	   study	   has	   shown	   that	   the	  distinct	   growth	   factors	   differentially	   determine	   the	   topology	   of	   the	   MAPK	  network	  and	  that	  these	  differences	  in	  the	  resultant	  wiring	  of	  the	  network	  govern	  cell	  fate.	  	  	  One	   other	  mechanism	  has	   been	   postulated	   to	   explain	   the	   differences	   in	  the	   signaling	   duration	   of	   Erk.	   It	   is	   generally	   believed	   that	   ligand-­‐induced	   RTK	  endocytosis	   down-­‐regulates	   growth	   factor	   signaling	   by	   trafficking	   the	   active	  receptor	   population	   from	   the	   PM	   to	   degradation	   compartments.	   For	   example,	  primary	  studies	  with	  PC12	  cells	  have	  shown	  that	  approximately	  80-­‐90%	  of	  EGF	  bound	  at	  the	  PM	  is	  subsequently	  degraded	  after	  endocytosis,	  whereas,	  only	  40-­‐50%	  of	  bound	  NGF	   (bound	  by	  TrkA)	  was	  degraded	   (Chandler	   and	  Herschman,	  1983).	   As	   mentioned	   before	   EGF-­‐bound	   EGFR	   undergoes	   Cbl-­‐mediated	  ubiquitylation,	   targeting	   the	   receptor	   for	   degradation	   in	   lysosomal	  compartments,	   thus	   reducing	   the	   amount	   of	   recycling	   receptor	   (Chen	   et	   al.,	  2005;	  Kao	  et	  al.,	  2001).	  Notably,	  NGF	  bound	  TrkA	  showed	  a	  significantly	  higher	  rate	  of	  recycling	  compared	  to	  EGFR	  (Chen	  et	  al.,	  2005).	   In	  summary,	   the	   ligand	  induced	   degradation	   observed	   for	   EGFR	   would	   therefore	   lead	   to	   a	   transient	  phosphorylation	   signal	   that	   induces	   cell	   proliferation,	   whereas	   the	   low	  degradation	   rate	   of	   NGF-­‐TrkA	   complexes	   generates	   a	   sustained	   signaling	  response	  that	  results	  in	  cell	  differentiation	  (Chen	  et	  al.,	  2005).	  	  	   	  Given	   the	   fundamental	   aspects	   of	   EGFR	   regulation	   by	   PTPs,	   including	  their	  potential	  to	  control	  both,	  downstream	  signaling	  and	  receptor	  trafficking	  by	  spatial	   dephosphorylation	   events	   let	   us	   hypothesize	   that	   the	   activity	   of	   PTPs	  determines	   the	   signaling	  duration	  upon	  growth	   factor	   stimulation	   and	   thereby	  the	  response	  of	  the	  cell.	  For	  example,	  it	  has	  been	  shown	  that	  PTPRJ	  silencing	  by	  siRNA	   results	   in	   an	   enhanced	   phosphorylation	   of	   endosomal	   EGFR,	   thereby	  inducing	  a	  higher	  fraction	  of	  receptor	  internalization	  combined	  with	  accelerated	  degradation.	  This	  resulted	  in	  an	  increased	  fraction	  of	  phosphorylated	  Erk	  with	  a	  much	  earlier	  decay	  over	  time	  compared	  to	  control	  cells	  (Tarcic	  et	  al.,	  2009).	   In	  accordance	   with	   the	   change	   in	   the	   Erk	   duration	   that	   accompanies	   PTPRJ	  depletion,	   cells	   also	   showed	   a	   significantly	   higher	   rate	   of	   proliferation.	   In	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contrast,	  ectopic	  expression	  of	  PTPRJ	  had	  reciprocal	  effects,	  including	  decreased	  EGF-­‐induced	   EGFR	   phosphorylation,	   a	   lower	   fraction	   of	   internalization	   and	  decelerated	  receptor	  degradation.	  Erk	  activation	  was	  also	  decreased,	  as	  well	  as	  the	  Erk-­‐dependent	  transcription	  of	  c-­‐Fos	  (Tarcic	  et	  al.,	  2009).	  The	  authors	  found	  out	   that	   PTPRJ	   interacts	   with	   EGFR	   already	   under	   basal	   conditions	   but	   was	  enhanced	   upon	   EGF	   stimulation.	   The	   dephosphorylation	   by	   PTPRJ	   diminished	  the	  interaction	  of	  EGFR	  with	  Cbl	  that	  thereby	  affect	  vesicular	  trafficking	  of	  EGFR	  (Tarcic	  et	  al.,	  2009).	  	  	   In	  addition	   to	  a	  direct	   interaction	  between	  EGFR	  and	  PTPs	   immediately	  after	   stimulation,	   other	   PTPs	   can	   be	   activated	   instead	   by	   Erk,	   generating	   a	  feedback	  mechanism	   that	   controls	   the	   duration	   of	   EGFR	  phosphorylation	   after	  activating	   the	  downstream	  MAPK	  cascade.	  For	  example,	  Prahallad	  and	  colleges	  (2012)	  identified	  a	  negative	  feedback	  mechanism	  involving	  the	  dual-­‐specific	  PTP	  CDC25C.	  CDC25C	  is	  phosphorylated	  and	  activated	  by	  Erk	  upon	  EGF	  stimulation	  resulting	   in	  the	  dephosphorylation	  of	  EGFR	  (Prahallad	  et	  al.,	  2012;	  Wang	  et	  al.,	  2007).	   This	   mechanism	   was	   observed	   in	   colorectal	   cancer	   (CRC)	   tumor	   cells	  bearing	  the	  constitutive	  active	  mutation	  of	  BRaf(V600E)	  and	  explains	  why	  these	  cells	   are	   resistant	   to	   treatment	   with	   BRaf	   inhibitors.	   BRaf	   inhibition	   leads	   to	  inhibition	  of	  Mek	  and	  Erk,	  which	  in	  turn	  leads	  to	  a	  reduced	  activation	  of	  CDC25C	  and	  no	  dephosphorylation	  of	  EGFR.	  Thus	   the	   inhibition	  of	  BRaf(V600E)	   in	  CRC	  tumor	  cells	  resulted	  in	  an	  enhanced	  phosphorylation	  of	  EGFR,	  promoting	  EGFR	  signaling	   by	   an	   alternative	   pathway	   when	   BRaf	   is	   inhibited.	   A	   combination	  treatment	  of	  BRaf	  inhibitor	  together	  with	  an	  EGFR	  inhibitor,	  however,	  was	  found	  to	  reduce	  cell	  proliferation	  by	  enhancing	  the	  rate	  of	  apoptosis	   (Prahallad	  et	  al.,	  2012).	  	  	  These	   examples	   demonstrated	   that	   the	   regulation	   of	   EGFR	   by	   PTPs	  controls	   the	   phosphorylation	   of	   the	   receptor	   as	   well	   as	   its	   trafficking.	   Both	  determine	   the	   signal	   duration	   of	   EGFR	   that	   in	   turn	   affects	   the	   activity	   of	  downstream	  proteins	  that	  encodes	  the	  extracellular	  signal	  into	  a	  distinct	  cellular	  response.	  Because	  of	  their	  phosphatase	  activity,	  PTPs	  were	  considered	  potential	  tumor	   suppressors	   that	   negatively	   regulate	   RTK	   phosphorylation	   and	   thereby	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their	  activity.	  However,	  several	  PTPs	  have	  been	  classified	  as	  potential	  oncogenes	  because	   of	   their	   ability	   to	   promote	   indirect	   phosphorylation	   of	   RTKs	   by	  dephosphorylating	   the	   inhibitory	  phosphotyrosine	   residues	  of	   certain	  cytosolic	  tyrosine	  kinases	  such	  as	  Src	  family	  kinases	  (SFKs),	  which	  in	  turn	  phosphorylate	  various	  RTKs	  including	  EGFR	  (Julien	  et	  al.,	  2011).	  	  	   Therefore,	   a	   detailed	   study	   about	   which	   PTPs	   regulate	   EGFR	  phosphorylation	   is	   required.	   By	   considering	   that	   PTPs	   encounter	   EGFR	   at	  different	  localizations	  during	  receptor	  trafficking,	  one	  has	  to	  measure	  the	  change	  in	   the	   spatial-­‐temporal	   phosphorylation	   profile	   of	   EGFR	   upon	   systematic	  perturbation	   of	   different	   PTPs	   inside	   cells.	   Such	   a	   task	   requires	   a	   quantitative	  approach	   with	   spatial-­‐temporal	   resolution	   in	   which	   multiple	   protein	  perturbations	   can	   be	   applied.	   In	   the	   following	   thesis,	   we	   have	   combined	  quantitative	   microscopy	   with	   a	   cell	   array	   (CA)	   based	   method	   (Ziauddin	   and	  Sabatini,	   2001)	   that	   allows	   to	   study	   the	   regulatory	   role	   of	   PTPs	   in	   EGFR	  phosphorylation.	  After	  optimizing	  this	  method,	  the	  aim	  was	  to	  determine	  where,	  when	  and	  how	  different	  PTPs	  regulate	  the	  phosphorylation	  dynamics	  of	  EGFR.	  	   This	   thesis	   will	   continue	   with	   section	   1.2	   that	   contains	   a	   general	  description	   about	   the	   four	   families	   of	   PTPs.	   In	   this	   section	   we	   will	   highlight	  several	  mechanisms	   that	   control	   the	  activity	  of	  PTPs.	  We	  will	   also	  outline	  how	  PTPs	  achieve	  high	  substrate	  specificity,	  which	  stands	  in	  contrast	  to	  the	  previous	  belief	  that	  PTPs	  are	  only	  passive	  housekeeping	  enzymes	  with	  a	  broad	  specificity.	  In	   fact,	   PTPs	   show	   a	   high	   diversity	   in	   terms	   of	   binding	   domains,	   which	   both	  control	  the	  localization	  of	  PTPs	  inside	  the	  cell	  and	  also	  play	  an	  important	  role	  in	  substrate	  recognition.	  Furthermore,	  section	  1.3	  will	  provide	  an	  introduction	  on	  the	  molecular	  properties	  of	  EGFR.	  EGFR	  activation	  is	  dependent	  on	  an	  allosteric	  interaction	  and	  does	  not	  require	  specific	  trans-­‐phosphorylation	  events	  like	  other	  RTKs.	   Moreover,	   EGFR	   possesses	   an	   intrinsic	   autocatalytic	   activity	   that	   is	  regulated	   by	   specific	   phosphorylation	   events.	   EGFR	   enters	   different	   trafficking	  pathways	   dependent	   on	   the	   presents	   or	   absence	   of	   ligand	   stimulation	   and	  encounters	  PTPs	  under	  these	  different	  conditions.	  I	  will	  give	  an	  overview	  about	  EGFR	  trafficking	  and	  known	  interactions	  with	  PTPs	  at	  the	  end	  of	  section	  1.3.	  In	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section	   1.4,	   an	   overview	  of	   the	   underlying	   biological	  mechanisms	   that	   couple	  the	   activity	   of	   EGFR	   and	   PTPs	   to	   generate	   a	   specific	   spatial-­‐temporal	  phosphorylation	   pattern	   in	   the	   cell	   is	   given.	   In	   the	   last	   section	   1.5	   of	   the	  introduction,	   I	   provide	   an	   outline	   of	   the	   methods	   used	   in	   this	   work	   and	   the	  rationale	  for	  these	  approaches.	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1.2	   Protein	  tyrosine	  phosphatases	  	  In	   evolutionary	   terms,	   phosphotyrosine	   signaling	   governs	   critical	   cellular	  processes	   in	   all	   metazoan	   species,	   including	   proliferation,	   differentiation,	   cell	  survival,	  metabolism,	  migration	  and	  cell	  cycle	  control	  (Blume-­‐Jensen	  and	  Hunter,	  2001;	   Ullrich	   and	   Schlessinger,	   1990).	   In	   particular	   RTKs	   are	   known	   as	  connectors	  between	  both	  sides	  of	  the	  plasma	  membrane	  that	  allow	  rapid	  cellular	  responses	   due	   to	   upcoming	   changes	   of	   the	   extracellular	  milieu.	   In	   contrast	   to	  RTKs,	   it	   has	   been	   long	   believed	   that	   PTPs	   act	   as	   unregulated	   or	   constitutive	  active	   housekeeping	   enzymes	   with	   a	   broad	   specificity,	   associated	   with	   the	  maintenance	   of	   the	   basal	   cellular	   state.	   It	   was	   generally	   assumed	   that	   the	  regulation	   of	   cellular	   signaling	   is	   dominated	   by	   the	   activity	   of	   protein	   kinases	  alone.	  This	  has	  put	  an	  emphasis	  on	  the	  study	  of	  kinases	  in	  the	  signal	  transduction	  community,	   and	   has	   led	   to	   a	   somewhat	   secondary	   attitude	   to	   phosphatases	   in	  the	  past.	  Recent	  research,	  however,	  indicates	  that	  this	  view	  of	  PTPs	  needs	  to	  be	  revised,	  because	  PTPs	  regulate	  the	  duration	  of	  RTK	  signaling	  upon	  growth	  factor	  stimulation	  and	  therefore	  the	  overall	  growth	  factor	  response	  of	  the	  cell.	  	  	   	  The	  first	  subsection	  will	  contain	  an	  overview	  from	  the	  current	  knowledge	  about	  the	  diverse	  family	  of	  PTPs	  and	  how	  they	  are	  classified.	  PTPs	  are	  described	  as	  having	  an	  “exquisite	  substrate	  specificity”	   in	  vivo	  (Tonks,	  2013).	  Furthermore,	  PTPs	  are	  spatially	  organized	  in	  the	  cell	  and	  their	  activity	  is	  regulated	  by	  distinct	  mechanisms,	  which	  frequently	  involves	  the	  activity	  of	  RTKs.	  
	  
	  
1.2.1	   The	  four	  families	  of	  PTPs	  	  Based	  on	  the	  sequence	  of	  their	  catalytic	  domains	  and	  their	  substrate	  specificity,	  the	  107	  currently	  identified	  PTPs	  can	  be	  classified	  into	  4	  main	  families	  (Figure	  
1.2).	  The	  first	  family	  includes	  the	  class	  I	  cysteine-­‐based	  PTPs,	  which	  are	  divided	  into	  the	  classical	  PTPs	  the	  VH1-­‐like	  dual-­‐specific	  PTPs	  (DSPs).	  The	  classical	  PTPs	  are	   strictly	   tyrosine	   specific	   and	   can	  be	  divided	   into	   transmembrane	   receptor-­‐like	   (RPTPs),	   and	   intracellular	   non-­‐receptor	   PTPs	   (NRPTPs)	   (Andersen	   et	   al.,	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2004).	  The	  DSPs	  contain	  the	  MAP	  kinase	  phosphatases	  (MKPs)	  and	  the	  atypical-­‐DSPs	  that	  are	  both	  tyrosine/threonine	  specific.	  Furthermore,	  the	  Slingshots	  and	  phosphatases	  of	  regenerating	  liver	  (termed	  as	  PRLs)	  are	  included	  in	  this	  group,	  which	  are	   serine	  and	   tyrosine	   specific,	   receptively.	  CDC14s	  are	   involved	   in	   the	  dephosphorylation	   of	   serine	   and	   threonine	   sites	   and	   are	   known	   to	   regulate	  cyclin	  dependent	  kinases	  (Cdks)	  (Visintin	  et	  al.,	  1998).	  The	  last	  two	  DSP	  groups	  include	  PTENs	  and	  myotubularins,	  which	   represent	   lipid	   specific	  phosphatases	  (Wishart	   and	   Dixon,	   2002).	   Because	   Slingshots,	   CDC14,	   PTENs	   and	  myotubularins	   do	   not	   show	   particular	   phospotyrosine	   specificity	   the	  classification	  as	  “PTPs”	  might	  be	  misleading.	  However,	  for	  simplicity,	  we	  will	  use	  the	  term	  “PTP”	  in	  the	  following	  work	  also	  for	  the	  members	  of	  this	  subgroup.	  The	  next	  family	  contains	  the	  cysteine-­‐based	  class	  II	  PTPs	  including	  the	  low	  molecular	  weight	  tyrosine-­‐specific	  phosphatase	  (LMW-­‐PTP),	  which	  is	  represented	  by	  only	  one	   member	   in	   humans,	   with	   an	   unknown	   function.	   The	   last	   cysteine-­‐based	  family	  is	  the	  class	  III	  family	  and	  its	  members	  are	  structurally	  related	  to	  bacterial	  rhodanase-­‐like	  enzymes	  having	  a	  dual	   tyrosine/threonine	  specific	  phosphatase	  activity.	  For	  example,	  rhodanese-­‐derived	  PTPs	  (CDC25)	  play	  a	  significant	  role	  in	  the	   cell	   cycle	   by	   dephosphorylation	   and	   activation	   of	   Cdks.	   All	   three	   of	   the	  described	   cysteine-­‐based	   classes	   are	   characterized	   by	   the	   presence	   of	   a	  conserved	   signature	  motif	  with	   an	   invariant	   Cys	   and	   Arg	   residue	   essential	   for	  catalysis.	  The	  fourth	  class	  currently	  consists	  of	  4	  PTPs,	  which	  employ	  a	  different	  catalytic	  mechanism	  that	  is	  dependent	  on	  an	  enzymatic	  aspartic	  acid.	  These	  Asp-­‐based	  PTPs	  have	  a	  tyrosine	  or	  dual	  serine/tyrosine	  specific	  activity,	  but	  there	  is	  very	  little	  known	  about	  their	  functions.	  After	  this	  first	  overview,	  we	  next	  discuss	  how	   PTPs	   bind	   to	   their	   substrates.	   PTPs	   have	   a	   high	   substrate	   specificity	  conferred	  by	  their	  modular	  domain	  structure.	  The	  variation	   in	  domains	  targets	  PTPs	   to	   defined	   cellular	   compartments	   where	   they	   can	   interact	   with	   their	  specific	  substrates,	  such	  as	  RTKs.	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1.2.2	   Substrate	  specificity	  and	  modular	  structure	  of	  PTPs	  	  Studies	  have	  shown	  that	  cytosolic	  PTPs	  have	  a	  high	  degree	  of	  sequence	  identity	  but	  distinct	  specificity	  (Andersen	  et	  al.,	  2001).	  The	  substrate	  specificity	  of	  PTPs	  is	   controlled	   by	   the	   intrinsic	   sequence	   specificity	   of	   their	   catalytic	   domains	  (Myers	   et	   al.,	   2001;	   Ren	   et	   al.,	   2011;	   Salmeen	   et	   al.,	   2000).	   In	   particular,	  interactions	   between	   residues	   flanking	   the	   pY	   in	   the	   primary	   sequence	   of	   the	  substrate	   and	   the	   residues	   surrounding	   the	   PTP	   active	   site	   contribute	   to	   their	  affinity	   for	   substrates.	   For	   example,	   the	   ER	   localized	   PTP1B	   showed	   a	   70-­‐fold	  higher	   affinity	   for	   tandem	   pY	   containing	   peptides	   compared	   to	   mono	   pY	  substrates	  (Salmeen	  et	  al.,	  2000).	  Such	  a	  finely	  tuned	  regulation	  allows	  the	  PTP	  activity	   to	   be	   adjusted	   according	   to	   the	   given	   amount	   of	   phosphotyrosine	  residues.	   More	   recent	   work	   shows	   that	   each	   PTP	   has	   a	   different	   degree	   of	  sequence	  specificity	  and	  unique	  substrate	  specificity	  profiles	  that	  can	  range	  from	  stringent	   sequence	   dependency	   to	   a	  more	   broad	   specificity	   (Ren	   et	   al.,	   2011).	  Furthermore,	   additional	   binding	   domains	   or	   sequences	   that	   flank	   the	   PTP	  
Figure	   1.2	   Classification	  and	   substrate	   specificity	  of	  PTPs.	  The	  PTP	  families	  are	   color	   coded:	   class	   I	  Cys-­‐based	   PTPs	   (green),	  class	   II	   Cys-­‐based	   PTPs	  (pale	   yellow),	   class	   III	  Cys-­‐based	   PTPs	   (pale	  blue),	   and	   Asp-­‐based	  PTPs	  (red).	  The	  substrate	  specificity	   of	   each	   group	  or	   class	   of	   PTPs	   is	   listed	  (Alonso	  et	  al.,	  2004).	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domain	   can	   also	   bind	   to	   potential	   substrates	   or	   mediate	   the	   recruitment	   to	  distinct	  cellular	  regions	  to	  bring	  the	  PTP	  domain	  in	  close	  proximity	  to	  its	  targets	  (Tonks	  and	  Neel,	  2001).	  	  	   In	  summary,	  the	  substrate	  specificity	  of	  PTPs	  is	  dependent	  on	  the	  primary	  sequence	   specificity	   of	   the	   catalytic	   domain,	   but	   is	   also	   dictated	   by	   secondary	  interactions	  with	  substrates.	  Secondary	  substrate	  interactions	  or	  distinct	  cellular	  localizations	  of	  PTPs	  are	  determined	  by	  the	  modular	  domain	  structure	  of	  PTPs.	  Most	   PTPs	   consists	   of	   at	   least	   one	   additional	   motif	   or	   non-­‐catalytic	   domain	  beside	   their	   catalytic	   phosphatase	  domain	   (Figure	   1.3).	   In	   a	   classical	   example	  and	  as	  described	   for	  SH2/PTB	  adaptor	  proteins,	   the	  presence	  of	  a	  SH2	  domain	  facilitates	  direct	  binding	  of	  a	  PTP	  to	  phosphorylated	  tyrosine	  signaling	  proteins,	  including	   active	   RTKs	   (Neel	   et	   al.,	   2003;	   Pao	   et	   al.,	   2007).	   PTPs	   also	   contain	  several	   phospholipid-­‐binding	   motifs	   that	   target	   PTPs	   to	   different	   cellular	  membranes	   including	   endosomes	   or	   the	   PM	  where	   they	   can	   contribute	   to	   the	  assembly	  of	  RTK-­‐activated	  downstream	  effectors.	  Some	  PTPs	  contain	  a	  nuclear	  localization	  sequence	  (NLS)	  and	  shuttle	  between	  the	  nucleus	  and	  the	  cytoplasm.	  Moreover,	   growth	   factor	   stimuli	   can	   induce	  a	   shift	   in	   the	  nuclear	  and	  cytosolic	  fractions	   of	   a	   PTP,	   which	   could	   have	   important	   consequences	   for	   their	  accessibility	   to	   substrates	   (He	   et	   al.,	   2005;	   Tiganis	   et	   al.,	   1998).	   In	   summary,	  binding	   domains	   or	   sequence	  motifs	   function	   as	   a	   “zip-­‐code”	   to	   direct	   PTPs	   to	  their	  defined	  cellular	  address	  (Mauro	  and	  Dixon,	  1994)	  (Figure	  1.4).	  Beside	  the	  broad	  group	  of	  cytosolic	  PTPs,	  RPTPs	  contain	  a	  membrane	  spanning	  α-­‐helix	  and	  are	  located	  predominantly	  at	  the	  PM,	  where	  they	  are	  exposed	  to	  the	  extracellular	  milieu	  in	  a	  receptor-­‐like	  fashion.	  Most	  RPTPs	  contain	  a	  tandem	  of	  PTP-­‐domains	  that	  is	  uncommon	  for	  cytosolic	  PTPs	  (Figure	  1.3).	  	  	  	  	  	  	  	  	  
Introduction	  
	   	   	  	   21	  













Figure	   1.3	   Domain	   structure	   of	   all	   PTPs.	   Schematic	   view	   of	   the	   domain	   composition	   of	   all	  members	  of	   the	   four	  PTP	   families.	  Abbreviations:	  BRO,	  baculovirus	  BRO	  homology;	  C1,	  protein	  kinase	  C	  conserved	  region	  1;	  C2,	  protein	  kinase	  C	  conserved	  region	  2;	  CA,	  carbonic	  anhydrase-­‐like;	   CAAX	   box,	   farnesylation	   signal;	   CH2,	   cdc25	   homology	   region	   2;	   CRAL/TRIO,	   cellular	  retinaldehyde	   binding	   protein/trio	   homology	   (Sec14p	   homology);	   FERM,	   band	  4.1/ezrin/radixin/moesin	   homology;	   FN,	   fibronectin-­‐like;	   FYVE,	   Fab1/Yotb/Vac1p/early	  endosomal	   antigen-­‐1	   homology;	   Ig,	   immunoglobulin-­‐like;	   KIM,	   kinase	   interaction	  motif;	   KIND,	  kinase	  N	   lobe-­‐like	  domain;	  MAM,	  meprin,	  A2,	  RPTPμ	  homology;	   PBM,	  PDZ	  binding	  motif;	   PDZ,	  postsynaptic	   density-­‐95/discs	   large/ZO1	   homology;	   PH,	   pleckstrin	   homology	   (including	   GRAM	  domains);	   PTB,	   phosphotyrosine-­‐binding	   domain;	   SH2,	   src	   homology	   2;	   SH3B,	   src	   homology	   3	  domain	  binding	  motif;	   SH4,	   src	  homology	  4	   (myristylation	   signal);	   coil,	   coiled-­‐coil	  domain;	  GB,	  glycogen	   binding;	  mRC,	  mRNA	   capping;	   PBM,	   PDZ	   binding	  motif;	   pepN,	   N-­‐terminal	   peptidase-­‐like;	  PH-­‐G,	  pleckstrin	  homology-­‐“GRAM”	  domain;	  Pro-­‐rich,	  proline-­‐rich;	  Sec14,	  Sec14p	  homology	  (or	  CRAL/TRIO).	  In	  addition,	  a	  small	  black	  box	  signifies	  transmembrane	  stretch	  and	  a	  red	  cross	  over	  a	  PTP	  domain	  signifies	  catalytically	  inactive	  domain.	  (Alonso	  et	  al.,	  2004).	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1.2.3	   Regulation	  of	  PTP	  activity	  
	  Multiple	  mechanisms	  regulate	  the	  activity	  of	  PTPs.	  For	  example,	  PTP	  activity	  can	  be	  dependent	  on	  alternative	  splicing	  or	  proteolysis.	  On	  the	  other	  hand,	  PTPs	  can	  be	   activated	   by	   direct	   recruitment	   to	   RTKs	   or	   inhibited	   by	   growth	   factor-­‐mediated	   production	   of	   reactive	   oxygen	   species	   (ROS).	   The	   latter	   two	  mechanisms	  highlight	   that	   the	   activity	  of	  many	  PTPs	   is	   directly	   coupled	   to	   the	  activity	  of	  RTKs.	  	  
	  
	  
1.2.3.1	  	  Regulation	  of	  PTPs	  by	  splicing	  and	  proteolysis	  To	   explain	   the	   regulation	   by	   splicing	   or	   protein	   proteolysis	  we	  will	   start	  with	  example	   based	   on	   PTPN1	   (PTP1B)	   and	   PTPN2	   (TCPTP,	   TC48).	   Both	   PTPs	   are	  targeted	   to	   the	   cytoplasmic	   site	   of	   the	   endoplasmatic	   reticulum	   (ER)	   via	   a	   C-­‐terminal	   hydrophobic	   sequence	   (Cool	   et	   al.,	   1989;	   Frangioni	   et	   al.,	   1992).	  Alternative	   splicing	   of	   TCPTP	   generates	   two	   additional	   isoforms,	   a	   45	   kDa	  (TC45)	  and	  a	  41	  kDA	  (termed	  TC41	  in	  this	  work),	  which	  differ	  in	  their	  C-­‐termini.	  In	  contrast	  to	  the	  full	  length	  48	  kDA	  form	  (TC48)	  that	  is	  targeted	  to	  the	  ER,	  TC45	  lacks	   the	   hydrophobic	   segment	   exposing	   a	   N-­‐terminally	   located	   NLS	   targeting	  TC45	   to	   the	   nucleus	   (Lam	   et	   al.,	   2001).	   TC41	   lacks	   the	   NLS	   and	   is	   therefore	  present	  in	  both	  the	  nucleus	  and	  the	  cytosol.	  Similarly	  to	  the	  regulation	  of	  TC45	  by	   splicing,	   PTP1B	   contains	   a	   site	   for	   proteolytic	   cleavage	   by	   calpain,	   which	  generates	   a	   truncated,	   soluble	   PTP1B	  with	   enhanced	   activity	   (Frangioni	   et	   al.,	  1993).	  This	  demonstrates	  the	  importance	  of	  targeting	  motifs	   in	  PTP	  regulation.	  The	  examples	  of	  PTP1B	  and	  TCPTP	  illustrate	  that	  the	  subcellular	  localization	  is	  directly	   coupled	   to	   PTP	   activity.	   In	   the	   following	   part	   we	   discuss	   a	   general	  regulatory	  mechanism	  based	  on	  RTK-­‐mediated	  activation	  of	  PTPs.	  	  	  	  
1.2.3.2	  	  PTP	  activation	  by	  RTKs	  	  PTPs	   can	   be	   activated	   following	   recruitment	   to	   phosphorylated	   RTKs.	   For	  example,	  crystal	  structures	  of	   the	  SH2	  tandem	  containing	  PTP,	  PTPN11	  (SHP2)	  have	  shown	  that	   its	  catalytic	  site	   is	  occluded	  by	  an	  interaction	  with	  residues	  of	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its	  own	  N-­‐terminal	  SH2	  domain	  keeping	  the	  enzyme	  in	  a	  low	  activity	  state	  (Neel	  et	  al.,	  2003).	  Binding	  of	  the	  N-­‐terminal	  SH2	  domain	  to	  phosphorylated	  RTK	  sites	  induces	   a	   conformational	   change	   that	   releases	   this	   auto-­‐inhibitory	   interaction	  leading	   to	   the	   open	   active	   conformation	   (Hof	   et	   al.,	   1998).	   The	   recruitment-­‐coupled	   activation	   of	   PTPN11	   to	   auto-­‐phosphorylated	   RTKs	   or	   their	  phosphorylated	  adaptor	  proteins	  is	  an	  important	  mechanism	  of	  how	  active	  RTKs	  are	   directly	   regulated	   by	   PTPs.	  Moreover,	   the	   C-­‐terminal	   tail	   of	   SHP2	   contains	  two	   tyrosine	   phosphorylation	   sites	   (Tyr542	   and	   Tyr580)	   and	   the	  phosphorylation	   of	   these	   sites	   leads	   to	   an	   increase	   in	   the	   catalytic	   activity.	   A	  similar	   regulation	   was	   reported	   for	   PTPN6	   (SHP1)	   that	   is	   tyrosine	  phosphorylated	   once	   bound	   to	   an	   RTK,	   leading	   to	   an	   increase	   in	   its	   activity	  (Uchida	   et	   al.,	   1994).	   One	   other	   example	   includes	   the	   previously	   mentioned	  PTPN1	   that	   binds	   to	   RTKs	   at	   the	   ER-­‐PM	   interface.	   PTPN1	   becomes	   tyrosine	  phosphorylated	   at	   pY66,	   leading	   to	   a	   3-­‐fold	   increase	   in	   its	   catalytic	   activity,	  which	   in	   turn	   promotes	   the	   dephosphorylation	   of	   the	   RTK	   (Liu	   and	   Chernoff,	  1997).	   The	   sequence	   around	   pY66	   fits	   the	   consensus	   sequence	   (YXNX)	   for	  binding	   of	   the	   SH2	   adapter	   protein	   GRB2,	   but	   it	   is	   uncertain	   whether	   these	  complexes	   would	   serve	   to	   activate	   or	   to	   inhibit	   signaling	   (Liu	   and	   Chernoff,	  1997).	   The	   recruitment-­‐coupled	   or	   phosphorylation-­‐dependent	   activation	   of	  PTPs	  are	  classical	  examples	  of	  feedback	  mechanisms	  that	  control	  the	  duration	  of	  RTK	  signaling.	  Both	  mechanisms	  will	   induce	  a	   locally	  enhanced	  PTP	  activity	   in	  regions	  where	   the	  RTK	   is	   active	   and/or	  provide	  phosphorylated	  docking	   sites.	  Specific	   recruitment,	   phosphorylation,	   proteolysis	   and	   alternative	   splicing	   are	  general	  mechanisms	  of	  how	  cytosolic	  PTPs	  are	  regulated.	  In	  the	  next	  paragraph	  we	  describe	  how	  the	  PM	  localized	  receptor-­‐like	  PTPs	  (RPTPs)	  are	  regulated.	  	  	  
1.2.3.3	  	  Regulation	  of	  RPTPs	  Most	  RPTPs	  have	  cytosolic	  regions	  containing	  tandem	  PTP	  domains	  in	  which	  the	  membrane	  proximal	  domain	  (D1)	  provides	   the	  catalytic	  activity	   (Tonks,	  2006),	  while	  the	  distal	  domain	  (D2)	  contributes	  a	  regulatory	  function.	  Recent	  work	  has	  indicated	   that	   dimerization	   of	   membrane	   proximal	   D1	   domains	   might	   inhibit	  RPTPs.	   In	  particular,	   the	   formation	  of	   a	  D1-­‐D1	  dimer	  was	   inhibited	  by	  a	  helix-­‐
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turn-­‐helix	  wedge	  motif	  that	  inserts	  from	  one	  domain	  into	  the	  catalytic	  cleft	  of	  the	  partner	  domain	  and	  vice	  versa,	  thereby	  occluding	  access	  to	  substrates	  (Bilwes	  et	  al.,	   1996).	   Similarly	   to	   ligand-­‐induced	   dimerization	   of	   RTKs,	   an	   RPTP	   ligand	  could	   induce	   dimerization	   and	   inhibition	   or	   a	   ligand	   could	   initiate	   a	   dimer	  disruption,	  which	  would	  result	  in	  two	  active	  monomers.	  For	  example,	  the	  soluble	  cytokine	   pleiotropin	   functions	   as	   ligand	   for	   PTPRZ	   and	   induces	   receptor	  inhibition	  (Meng	  et	  al.,	  2000).	  In	  addition,	  binding	  to	  the	  transmembrane	  protein	  syndecan	   promotes	   activation	   of	   PTPRF,	   whereas	   binding	   of	   the	   membrane	  anchored	  Dallylike	   suppresses	   its	   function	   (Tonks,	   2006).	  However,	   it	   is	   so	   far	  unclear	  whether	   these	   ligands	   inhibit	   or	   favor	  RPTP	  dimerization	   and	   thereby	  regulate	   phosphatase	   activity.	   Moreover,	   it	   has	   been	   shown	   that	   intracellular	  phosphorylation	  can	  be	  a	  mechanism	  of	  RPTPs	  to	  overcome	  the	  inhibitory	  dimer	  structures	   (den	   Hertog	   et	   al.,	   1995).	   Crystal	   structures	   of	   PTPRM	   (RPTPµ),	  PTPRC	  (CD45)	  and	  PTPRF	  (LAR)	  have	  shown	  an	  important	  role	  of	  the	  D2	  domain	  to	   overcome	   the	   wedge	   dependent	   D1-­‐D1	   dimerization	   by	   an	   intramolecular	  stabilizing	  D1-­‐D2	  domain	  interface.	  	  	   In	   summary,	   all	   of	   these	   regulatory	   mechanisms	   of	   PTPs	   are	   based	   on	  protein-­‐protein	  interactions.	  In	  addition,	  recent	  research	  has	  demonstrated	  that	  oxidation	  by	  reactive	  oxygen	  species	  (ROS)	  plays	  a	  major	  role	  in	  PTP	  regulation	  (Tonks,	   2006).	   It	   has	   been	   shown	   that	   ROS	   production	   is	   induced	   by	   RTK	  activation,	  which	  leads	  to	  local	  inactivation	  of	  PTPs	  around	  activated	  RTKs	  (Bae	  et	  al.,	  1997;	  Reynolds	  et	  al.,	  2003).	  	  	  
1.2.3.4	  	  PTP	  inhibition	  by	  RTK-­‐coupled	  ROS	  production	  The	  catalytic	  domains	  of	  the	  three	  classes	  of	  cysteine-­‐based	  PTPs	  are	  strikingly	  similar,	   underlying	   their	   classification	   shown	   in	   subsection	   1.2.1.	   The	   shared	  structural	   and	   catalytic	   features	   of	   cysteine-­‐based	   PTPs	   is	   a	   H-­‐Cys(X)5-­‐R	  sequence	   motif	   (where	   X	   is	   any	   amino	   acid)	   that	   is	   termed	   the	   PTP	   loop	  (Salmeen	   and	   Barford,	   2005).	   The	   dephosphorylation	   reaction	   involves	   the	  formation	   of	   a	   cysteinyl-­‐phosphate	   intermediate,	   followed	   by	   water-­‐mediated	  hydrolysis	  to	  release	  the	  phosphate.	  The	  cysteine	  residue	  is	  characterized	  by	  an	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extremely	  low	  pKα	  and	  is	  present	  as	  the	  thiolate	  ion	  (Cys-­‐S-­‐)	  at	  neutral	  pH	  that	  promotes	  its	  function	  as	  a	  nucleophile	  (Figure	  1.5).	  In	  addition,	  this	  nucleophilic	  cysteine	  is	  highly	  susceptible	  to	  reactions	  with	  ROS	  and	  to	  a	  lesser	  degree	  with	  reactive	   nitrogen	   species.	   Oxidation	   or	   nitrosylation	   of	   the	   catalytic	   cysteine	  renders	   it	   unable	   to	   act	   as	   a	   nucleophile	   and	   the	   PTP	   loses	   its	   phosphatase	  activity	  (Salmeen	  and	  Barford,	  2005).	  Dependent	  on	  the	  extent	  of	  oxidation,	  the	  thiolate	  anion	  (Cys-­‐S-­‐)	  can	  be	  readily	  oxidized	  to	  sulfenic	  acid	  (Cys-­‐SOH)	  under	  mild	  oxidative	  conditions	  leading	  to	  reversible	  oxidation	  of	  the	  protein	  activity.	  The	  Cys-­‐SOH	  however,	  is	  highly	  reactive	  and	  susceptible	  to	  rapid	  oxidation	  to	  the	  terminally	   oxidized	   sulfinic	   (SHO2)	   and	   sulfonic	   (SHO3)	   acid.	   Biochemical	   and	  crystallographic	  studies	   indicate	   that	  Cys-­‐based	  PTPs	  have	  evolved	  a	  variety	  of	  mechanisms	   to	   avoid	   higher	   irreversible	   oxidation	   by	   stabilizing	   a	   reversibly	  oxidized	  state.	  
	  
	  
Figure	  1.5	  Reversible	  oxidation	  of	  PTPs.	  All	  members	  of	  the	  protein	  tyrosine	  phosphatase	  (PTP)	  family	   use	   the	   same	   basic	   catalytic	   mechanism.	   The	   HC(X)5R	   signature	   motif	   contains	   the	  essential	  nucleophilic	  cysteinyl	  residue,	  forms	  the	  base	  of	  the	  active-­‐site	  cleft	  and	  recognizes	  the	  phosphate	   of	   the	   target	   substrate.	   Catalysis	   proceeds	   through	   a	   two-­‐step	   mechanism	   that	  involves	   the	   production	   of	   a	   cysteinyl-­‐phosphate	   intermediate.	   In	   the	   first	   step,	   there	   is	  nucleophilic	   attack	   on	   the	   phosphate	   by	   the	   sulphur	   atom	   of	   the	   thiolate	   ion	   of	   the	   essential	  cysteine	   residue	   (Cys215	   in	   PTP1B).	   This	   is	   coupled	   with	   protonation	   of	   the	   tyrosyl	   leaving	  group	  of	   the	   substrate	   by	   the	   conserved	   aspartic	   acid	   residue	   (Asp181	   in	  PTP1B).	   The	   second	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step	   involves	   the	   hydrolysis	   of	   the	   phosphoenzyme	   intermediate,	   mediated	   by	   a	   glutamine	  residue	   (Gln262	   in	   PTP1B),	   which	   coordinates	   a	   water	   molecule,	   and	   Asp181,	   which	   now	  functions	  as	  a	  general	  base,	  culminating	  in	  the	  release	  of	  phosphate.	  Oxidation	  of	  the	  active	  site	  cysteine	  residue	  abrogates	  its	  nucleophilic	  function,	  thereby	  inhibiting	  PTP	  activity.	  As	  shown	  for	  PTP1B,	  and	  presumably	  reflective	  of	  the	  classical	  PTPs	  in	  general,	  oxidation	  is	  reversible	  due	  to	  the	  rapid	  conversion	  of	   the	  sulphenic	  acid	   form	  of	   the	  oxidised	  cysteine	  to	  a	  novel	  5-­‐atom-­‐ring	  structure,	  a	  cyclic	  sulphenamide,	  which	  is	  promoted	  by	  the	  environment	  of	  the	  catalytic	  site.	   In	  particular,	   the	   juxtaposition	   of	   His214	   with	   Cys215	   polarizes	   the	   amide	   bond,	   promoting	  nucleophilic	  attack	  by	  the	  amide	  nitrogen	  of	  Ser216	  on	  the	  sulphur	  atom	  of	  the	  Cys215	  sulphenic	  acid,	  leading	  to	  condensation	  and	  formation	  of	  a	  covalent	  bond	  between	  the	  sulphur	  and	  nitrogen	  atoms.	  The	  cyclic	  sulphenamide	  can	  be	  readily	  reduced	  to	  the	  active,	  thiolate	  form	  of	  the	  active	  site	  cysteine	  residue	  (Tonks,	  2006).	  	  	  For	   classical	   PTPs,	   as	   shown	   for	   PTPN1	   (PTP1B),	   the	   oxidation	   is	  reversible	   due	   to	   a	   rapid	   conversion	   to	   a	   cyclic	   sulpenamide	   species	   (Tonks,	  2006).	   This	   cyclic	   sulphenamide	   can	   be	   readily	   reduced	   to	   the	   active,	   thiolate	  form	   of	   the	   active-­‐site	   cysteine	   residue	   (Figure	   1.5).	   In	   contrast,	   dual-­‐specific	  phosphatases	  have	  evolved	  a	  different	  mechanism.	  These	  PTPs	  contain	  a	  second	  cysteine	  residue	  within	  the	  active	  site.	  Upon	  oxidation	  of	  the	  catalytic	  cysteine,	  a	  disulfide	  bond	  with	  the	  neighboring	  cysteine	  protects	  the	  enzyme	  from	  forming	  an	   irreversible	   oxidized	   states	   (Salmeen	   and	   Barford,	   2005).	   Moreover,	  inactivation	   by	   intermolecular	   disulfide	   bridges	   was	   observed	   for	   RPTPs.	   In	  particular,	   oxidation	   triggers	   the	   formation	   of	   an	   intermolecular	   S-­‐S	   bond	  between	  both	  active	   site	   cysteine	   residues	  of	   the	  D2	  domains	  of	   each	   receptor	  (van	  der	  Wijk	  et	  al.,	  2004).	   In	   the	   last	  years,	   studies	  have	  shown	  that	   the	  ROS-­‐dependent	  inhibition	  of	  PTPs	  is	  a	  major	  mechanism	  involved	  in	  RTK	  signaling.	  A	  large	  number	  of	  RTK	  ligands	  including	  hormones,	  growth	  factors	  and	  cytokines	  induce	   an	   increase	   intracellular	   ROS	   (Bae	   et	   al.,	   1997;	   Krieger-­‐Brauer	   et	   al.,	  1997;	   Sattler	   et	   al.,	   1999;	   Sundaresan	   et	   al.,	   1995)	   and	   treatments	   with	   H2O2	  induce	   hyperphosphorylation	   of	   RTKs	   (Koshio	   et	   al.,	   1988;	   Sundaresan	   et	   al.,	  1995).	   After	   RTK	   activation,	   ROS	   production	   is	   induced	   by	   PI3K-­‐	   and	   Rac-­‐dependent	   activation	   of	   the	   NADPH-­‐oxidase	   complex	   (Bae	   et	   al.,	   1997).	   The	  multicomponent	   protein	   complex	   including	   the	   catalytic	   subunit	   NADPH	  oxidases	   (NOX)	   is	   assembled	   at	   the	  PM	  by	   the	   coordinated	  phosphorylation	  of	  regulatory	   subunits,	   inositol	   phospholipid	   binding	   and	   GTPase	   activity	   of	   Rac	  (Finkel,	   2006;	   Lambeth,	   2004).	   NOX	   enzymes	   produce	   superoxide	   by	  transferring	   an	   electron	   from	   the	   NADPH	   complex	   to	   molecular	   oxygen.	   The	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1.3	  	   The	  epidermal	  growth	  factor	  receptor	  (EGFR)	  	  EGFR	   is	   a	  member	   of	   the	   ErbB	   family	   containing	   EGFR	   (ErbB1,	   HER1),	   ErbB2	  (HER2),	   ErbB3	   (HER3)	   and	   ErbB4	   (HER4)	   (Landau	   and	   Ben-­‐Tal,	   2008;	  Schlessinger,	  2002;	  Yarden	  and	  Sliwkowski,	  2001).	  The	  EGFR	  can	  be	  activated	  by	  a	  large	  set	  of	  ligands	  including	  epidermal	  growth	  factor	  (EGF)	  and	  transforming	  growth	  factor-­‐α	  (TGF-­‐ α)	  (Groenen	  et	  al.,	  1994;	  Harris	  et	  al.,	  2003).	  
	  
	  
1.3.1	   Ligand	  binding	  to	  EGFR	  	  In	   the	   absence	   of	   ligand,	   EGFR	   exists	   predominantly	   as	   monomer	   at	   the	   PM.	  These	  monomers	  are	  at	  equilibrium	  with	  a	  small	  population	  of	  transient	  dimers.	  Such	   short-­‐lived	   dimers	   are	   potentially	   primed	   for	   ligand	   binding	   but	   the	  complete	  mechanism	  is	  not	  understood	  in	  detail	  (Chung	  et	  al.,	  2010).	  However,	  ligand	   binding	   to	   the	   extracellular	   region	   of	   EGFR	   enhances	   the	   formation	   of	  receptor	  dimers	  by	  increasing	  the	  stability	  compared	  to	  un-­‐ligated	  dimers	  (Low-­‐Nam	  et	  al.,	  2011).	  Intramolecular	  interactions	  stabilize	  a	  tethered	  conformation	  of	  monomers	  that	  autoinhibits	  receptor	  dimerization	  in	  the	  absence	  of	  a	   ligand	  (Burgess	   et	   al.,	   2003;	   Ferguson	   et	   al.,	   2003).	   Ligand	   binding	   promotes	   a	  substantial	   rearrangement	   in	   the	   extracellular	   domain	   that	   transforms	   the	  “intra”-­‐molecular	  tether	  to	  an	  extending	  configuration	  that	  permits	  dimerization	  of	   two	   receptor	  molecules	   (Lemmon	   and	   Schlessinger,	   2010).	  When	   bound	   by	  two	   ligands,	   the	   conformation	   of	   this	   dimer	   is	   entirely	   receptor-­‐mediated	  (Garrett	  et	  al.,	  2002;	  Ogiso	  et	  al.,	  2002).	  	  	  
1.3.2	   An	  allosteric	  mechanism	  leads	  to	  EGFR	  activation	  	  In	   general,	   the	   tyrosine	   kinase	   domain	   of	   RTKs	   underlies	   a	   unique	   cis-­‐autoinhibition	   by	   a	   set	   of	   receptor-­‐specific	   intramolecular	   interactions	   that	  stabilize	   its	   inactive	   form.	   Ligand-­‐induced	   receptor	   dimerization	   releases	   this	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cis-­‐autoinhibition,	   leading	   to	   a	   conformation	   with	   low	   but	   sufficient	   kinase	  activity	   to	   provide	   trans-­‐phosphorylation.	   Stepwise	   trans-­‐phosphorylation	   at	  distinct	  phosphorylation	  sites	   in	  the	  activation	   loop,	   the	   juxtamembrane	  region	  and/or	  the	  C-­‐terminal	  tail	  disrupt	  these	  auto-­‐inhibitory	  interactions	  and	  allows	  the	  kinase	  domain	  to	  relax	  to	  the	  activated	  state.	  	  	   	  The	  EGFR/ErbB	   family	   is	   a	   clear	   exception	  of	   this	   general	  mechanism	  because	  they	   do	   not	   require	   trans-­‐phosphorylation	   for	   activation	   (Gotoh	   et	   al.,	   1992;	  Knowles	   et	   al.,	   2006;	   Zhang	   et	   al.,	   2006).	   An	   isolated	   kinase	   domain	   of	   EGFR	  possesses	   low	   intrinsic	   catalytic	   activity.	   This	   catalytic	   activity	   dramatically	  increases	  when	   the	   local	  concentration	  of	   the	  kinase	  domains	  are	   increased	  by	  attaching	  them	  to	  the	  surface	  of	  lipid	  vesicles	  (Zhang	  et	  al.,	  2006).	  This	  points	  to	  the	   fact	   that	   the	   kinase	   domain	   of	   EGFR	   requires	   an	   intermolecular	   allosteric	  interaction	   to	   overcome	   its	   intrinsic	   autoinhibition.	   Activation	   of	   EGFR	   is	  controlled	  primary	  by	  an	  allosteric	   interaction	  between	   the	   two	  protein	  kinase	  domains	   in	   an	   asymmetric	   dimer	   that	   is	   favored	   upon	   ligand-­‐induced	  extracellular	  dimerization.	   In	   this	  asymmetric	  dimer,	   the	  kinase	  domain	  of	  one	  receptor	  molecule	   resembles	   that	   of	   a	   cyclin	  when	   bound	   to	   its	   Cdk,	   which	   is	  analogous	  to	  the	  kinase	  domain	  of	  the	  second	  receptor	  (Zhang	  et	  al.,	  2006).	  As	  in	  the	   Cdk/cyclin	   interaction,	   the	   core	   of	   the	   asymmetric	   EGFR	   kinase	   domain	  dimer	  is	  dominated	  by	  hydrophobic	  interactions	  (hydrophobic	  patch)	  involving	  several	  residues	  of	  the	  N-­‐lobe	  of	  the	  activated	  kinase	  (“receiver”)	  and	  the	  C-­‐lobe	  of	  the	  cyclin-­‐like	  kinase	  domain	  (“activator”).	  A	  key	  element	  of	  this	  interaction	  is	  the	  engagement	  of	  the	  helix	  αC	  of	  the	  “receiver”	  kinase	  domain.	  As	  a	  result,	  the	  “receiver”	  kinase	  domain	  adopts	  the	  characteristic	  active	  configuration	  without	  phosphorylation	   of	   its	   activation	   loop	   (Figure	   1.6).	   Other	   parts	   like	   the	  juxtamembrane	   (JM)	   region	  of	   the	  EGFR	  contribute	   to	   its	  activity	  as	   shown	   for	  other	   RTKs,	   but	   notably	   without	   the	   requirement	   of	   phosphorylation.	   For	  example,	  the	  C-­‐terminal	  half	  of	  the	  JM	  segment	  of	  the	  receiver	  kinase	  latches	  to	  the	  activator	  kinase.	  This	  latch	  stabilizes	  the	  asymmetric	  dimer	  formation	  and	  is	  crucial	  for	  receptor	  activation	  (Jura	  et	  al.,	  2009).	  The	  remaining	  N-­‐terminal	  half	  of	  the	  receiver	  JM	  further	  has	  the	  potential	  to	  dimerize	  with	  the	  N-­‐terminal	  half	  of	   activator	   JM	   in	   an	   antiparallel	   helix-­‐helix	   structure	   that	   engages	   the	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transmambrane	   helices	   of	   the	   activated	   receptor	   (Jura	   et	   al.,	   2009).	   Receptor	  activation	  requires	  also	  an	  interaction	  between	  the	  two	  involved	  transmembrane	  helices	   to	   facilitate	   the	  antiparallel	   interaction	  between	   the	  JM	  segments	   in	   the	  dimer	   (Arkhipov	   et	   al.,	   2013;	   Endres	   et	   al.,	   2013).	   This	   configuration	   is	   also	  needed	   to	   release	   further	   inhibitory	   interactions	   at	   plasma	  membrane	   contact	  points	  (Endres	  et	  al.,	  2013).	  	  
	  
	  
Figure	  1.6	  Activation	  of	  EGFR	  by	  EGF	  results	  in	  the	  formation	  of	  an	  asymmetric	  kinase	  domain	  dimer.	  The	  asymmetric	  dimer	  results	  in	  the	  activation	  of	  the	  “receiver”	  kinase	  domain	  and	  trans-­‐autophosphorylation	  of	   the	  activator	  (Jura	  et	  al.,	  2009).	   It	  can	  be	  assumed	  that	  kinase	  domains	  change	   their	   activator/receiver	   function	   leading	   to	   trans-­‐phosphorylation	   of	   both	   involved	   C-­‐terminal	  domains	  as	  indicated.	  	  	  	   The	  fact	  that	  the	  activity	  of	  an	  isolated	  kinase	  domain	  correlates	  with	  its	  local	   concentration	   in	   membrane	   vesicles	   suggested	   the	   involvement	   of	   an	  allosteric	   mechanism,	   but	   it	   also	   rises	   the	   question	   whether	   EGFR	   can	   form	  active	  dimers	  without	  a	  bound	  ligand	  at	  increased	  receptor	  densities	  at	  the	  PM.	  EGFR	   family	   members	   are	   prone	   to	   ligand-­‐independent	   dimerization	   and	  activation	   at	   high	   expression	   levels	   (Nagy	   et	   al.,	   2010).	   EGFR	   exists	  predominantly	   as	   monomer	   together	   with	   small	   population	   of	   dimers	   under	  moderate	   expression	   levels	   (e.g.	   5	   x	   104	   receptors/cell)	   (Burgess	   et	   al.,	   2003;	  Ferguson	   et	   al.,	   2003).	   This	   ligand-­‐independent	   dimer	   showed	   a	   different	   and	  inhibited	  configuration	  compared	  to	  the	  described	  active	  ligand	  bound	  dimer.	  In	  absence	  of	  ligand,	  however	  EGFR	  is	  able	  to	  overcomes	  its	  auto-­‐inhibition	  at	  high	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densities	   (e.g.	   2	   x	   106	   receptors/cell),	   probably	   through	   the	   formation	   of	   an	  asymmetric	  dimer	  (Arkhipov	  et	  al.,	  2013;	  Endres	  et	  al.,	  2013).	  	  	  	  
1.3.3	   Intrinsic	  autocatalytic	  activity	  of	  EGFR	  	  	  It	  has	  been	  shown	  that	  a	  local	  stimulation	  of	  EGFR	  with	  EGF	  coated	  beads	  leads	  to	  a	  lateral	  phosphorylation	  wave	  of	  EGFR	  in	  the	  whole	  PM	  within	  a	  few	  minutes	  (Sawano	   et	   al.,	   2002;	   Verveer	   et	   al.,	   2000b).	   The	   mechanism	   of	   lateral	  propagation	   is	   the	   result	   of	   the	   intrinsic	   autocatalytic	   properties	   of	   EGFR.	   The	  autocatalytic	   activity	   is	   a	   general	   feature	   of	   all	   RTKs	   that	   is	   given	   by	   trans-­‐autophosphorylation	  of	  regulatory	  receptor	  sites,	  for	  example	  within	  the	  kinase	  activation	  loop.	  Such	  activating	  trans-­‐autophosphorylation	  events	  can	  trigger	  an	  activation	   wave	   in	   a	   RTK	   population	   at	   the	   PM.	   As	   discussed	   previously,	  however,	   EGFR	   activation	   is	   dependent	   on	   its	   specific	   asymmetric	   dimer	  formation	   and	   not	   on	   trans-­‐phosphorylation	   of	   regulatory	   sites.	   Recent	   work	  have	  shown	  that	  the	  N-­‐lobe	  dimerization	  interface	  of	  the	  EGFR	  kinase	  domain	  is	  intrinsically	   disordered	   but	   becomes	   ordered	   upon	   dimerization	   (Shan	   et	   al.,	  2012).	   Oncogenic	   mutations,	   particularly	   the	   widespread	   L834R	   in	   the	   kinase	  activation	   loop,	  promote	  EGFR	  dimerization	  by	  suppressing	   this	   local	  disorder.	  Moreover,	   phosphorylation	   of	   the	   Y845	   within	   the	   activation	   loop	   does	   not	  directly	  activate	  EGFR	  in	  contrast	  to	  other	  RTKs,	  but	  may	  facilitate	  here	  a	  higher	  affinity	   for	   dimerization.	   As	   described	   previously	   in	   subsection	   1.3.2,	   ligand	  binding	   favors	   the	   formation	   of	   an	   active	   asymmetric	   dimer.	   Moreover,	   the	  phosphorylation	   of	   Y845	   might	   also	   promote	   the	   formation	   of	   the	   active	  asymmetric	   dimer.	   Shan	   and	   colleagues	   (2012)	   proposed	   that	   EGFR	   activation	  and	  Tyr845	  phosphorylation	  could	  explain	  the	  mechanism	  of	  lateral	  propagation	  
(Figure	  1.7).	  In	  this	  mechanism,	  local	  ligand	  binding	  initially	  leads	  to	  activation	  of	   a	   subset	   of	   EGFR	  molecules	   (ligand-­‐induced	  dimer	   formation).	  Other	  EGFRs	  may	   then	   be	   phosphorylated	   at	   Y845,	   primed	   for	   a	   higher	   affinity	   to	   dimerize	  and	   consequently	   full	   activation	   (phosphorylation-­‐induced	   dimerization).	   The	  phosphorylation	   of	   Y845	   can	   be	   mediated	   by	   EGFR	   (Qiu	   et	   al.,	   2009)	   and	  therefore	  explains	  the	  intrinsic	  autocatalytic	  activity	  of	  EGFR.	  Alternatively,	  Y845	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is	   phosphorylated	   by	   Src	   suggesting	   that	   this	   kinase	   influences	   the	   activity	   of	  EGFR	  (Biscardi	  et	  al.,	  1999).	  	  	  	  	  	  	  	  	  	  	  
	  
Figure	   1.7	   A	   model	   for	   EGFR	   lateral	   signal	   propagation.	   Lateral	   propagation	   based	   on	   Y845	  phosphorylation.	  A	  small	  population	  of	  EGFR	  (center)	  is	  activated	  by	  ligand-­‐induced	  asymmetric	  dimer	  formation.	  Besides	  the	  phosphorylation	  of	  the	  C-­‐terminal	  tails,	  additional	  phosphorylation	  of	   Y845	   in	   the	   kinase	   domain	   occurs.	   In	   addition,	   phosphorylation	   at	   Y845	   might	   induce	  asymmetric	  dimerization	  and	  ligand	  independent	  activation	  of	  involved	  kinase	  domains	  (Shan	  et	  al.,	  2012).	  	  	   In	  particular,	   it	  has	  been	  shown	  that	   few	  PTPs	  directly	  dephosphorylate	  EGFR	  at	  pY845	  (see	  Table	  1.1	   in	  the	  next	  subsection	  1.3.4).	  It	  can	  be	  assumed	  that	   these	   PTPs	   influence	   the	   lateral	   propagation	   of	   EGFR	   and	   thereby	   the	  switch-­‐like	   response	   upon	   EGF	   binding.	   Next,	   we	   give	   an	   overview	   about	   the	  phosphotyrosine	   docking	   sites	   on	   EGFR	   and	   which	   PTPs	   are	   known	   to	  dephosphorylate	  such	  sites	  in	  particular.	  	  	  	  
1.3.4	  	  	  	  	  	  	  Phosphorylation	  docking	  sites	  of	  EGFR	  	  
	  The	   formation	   of	   an	   active	   asymmetric	   dimer,	   either	   by	   ligand	   binding	   or	  promoted	  by	  a	  high	  receptor	  density,	  results	  in	  trans-­‐autophosphorylation	  of	  the	  C-­‐terminal	   regions	   of	   both	   involved	   receptors.	   These	   phosphorylation	   events	  create	   docking	   sites	   for	   downstream	   proteins,	   thereby	   generating	   an	   initiator	  complex	   including	   SH2	   and	   PTB	   domain	   mediated	   association	   of	   downstream	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proteins	   at	   the	   intracellular	   region	   of	   the	   receptor.	   Most	   of	   the	   trans-­‐autophosphorylation	   sides	   including	  Y845,	  Y992,	  Y1045,	   Y1068,	  Y1086,	  Y1148	  and	  Y1173	  are	  rapidly	  phosphorylated	  within	  the	  first	  1-­‐5	  minutes	  after	  receptor	  stimulation	  (Helin	  and	  Beguinot,	  1991;	  Hsuan	  et	  al.,	  1989;	  Margolis	  et	  al.,	  1989;	  Schulze	   et	   al.,	   2005;	   Walton	   et	   al.,	   1990).	   The	   interactions	   of	   transduction	  mediators	  and	  adaptor	  proteins	  transmit	  the	  activation	  signal	  of	  the	  receptor	  to	  different	   subnetworks	   (modules)	   that	   constitute	   the	   conserved	   core	   process	  downstream	  of	  EGFR	  (Figure	  1.8).	  With	  multiple	  phosphor-­‐tyrosine	  sites	  at	  the	  EGFR	  and	  the	  involvement	  of	  numerous	  SH2/PTB	  docking	  proteins	  such	  as	  Shc,	  Grb2	   and	   Grb1,	   the	   activated	   EGFR	   recruits	   and	   influences	   a	   large	   number	   of	  different	   signaling	   molecules.	   	   SH2	   and	   PTB	   domain	   containing	   proteins	   bind	  only	  to	  receptors	  in	  which	  tyrosines	  are	  phosphorylated	  (with	  a	  few	  exceptions)	  and	   subsequently	   link	   the	   EGFR	   autophosphorylation	   to	   the	   initiation	   of	  different	   downstream	   events	   in	   the	   signaling	   network	   (Pawson,	   2004;	  Schlessinger	   and	   Lemmon,	   2003).	   Beside	   such	   direct	   receptor	   interactions	   (by	  e.g.	  SH2	  and	  PTB),	  further	  interactions	  at	  the	  receptor	  are	  spatially	  and	  temporal	  determined.	  In	  summary,	  the	  activated	  EGFR	  can	  be	  thought	  of	  as	  a	  key	  node	  in	  a	  complex	   signaling	  network	   that	   transmits	   information	   from	   the	  exterior	   to	   the	  interior	  of	  the	  cell	  (Lemmon	  and	  Schlessinger,	  2010).	  However,	  the	  composition	  and	   availability	   of	   downstream	   docking	   sites	   is	   dependent	   on	   the	   interactions	  with	   PTPs.	   Like	   the	   spatial	   and	   temporal	   interaction	   with	   downstream	  mediators,	  the	  interactions	  with	  PTPs	  are	  similarly	  organized	  in	  space	  and	  time.	  It	  has	  been	  shown	   that	   several	  PTPs	  dephosphorylate	   the	  EGFR	  either	  at	  basal	  conditions	  or	  after	  activation	  (Table	  1.1).	  	  	  Through	   a	   combination	   of	   stimulatory	   or	   inhibitory	   signals,	   several	  positive	  feedback	  loops	  and	  negative	  feedback	  loops	  emerge	  in	  the	  network	  and	  regulate	  the	  composition	  of	  phosphorylated	  docking	  sites	  on	  EGFR	  (Lemmon	  and	  Schlessinger,	   2010).	  As	   already	  discussed	   in	   this	   introduction,	  PTPs	  play	   a	   key	  role	   in	  such	  mechanisms.	  The	  activation	  of	  PI3K	  and	  Rac	   for	  example	  mediates	  growth	  factor	  induced	  ROS	  production	  via	  the	  activation	  of	  NOX	  that	  in	  turn	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Table	   1.1	   PTPs	   that	   dephosphorylate	   EGFR	   under	   basal	   conditions	   and	   after	   EGF	   induced	  activation.	  In	  most	  studies	  a	  generic	  anti-­‐phosphotyrosine	  antibody	  has	  been	  used	  and	  a	  general	  decrease	   of	   phosphorylation	   was	   observed,	   indicated	   as	   (pY*).	   Additionally	   information	   from	  specific	   EGFR	   phosphorylation	   sites	   are	   shown	   when	   information	   was	   available	   (e.g.	   pY845,	  pY1045	  etc.).	  Localization	  of	  PTPs	  is	  indicated,	  source	  Uniprot	  and	  LOCATE	  database.(Agazie	  and	  Hayman,	  2003b;	  Hyun	  et	  al.,	  2011;	  Keilhack	  et	  al.,	  1998;	  Kulas	  et	  al.,	  1996;	  Lammers	  et	  al.,	  1993;	  Mattila	  et	  al.,	  2005;	  Prahallad	  et	  al.,	  2012;	  Ramponi	  et	  al.,	  1989;	  Shu	  et	  al.,	  2010;	  Suarez	  Pestana	  et	  al.,	  1999;	  Sun	  et	  al.,	  2011;	  Tarcic	  et	  al.,	  2009;	  Tiganis	  et	  al.,	  1998;	  Vogel	  et	  al.,	  1993;	  Wang	  et	  al.,	  2011;	  Wang	  et	  al.,	  2002;	  Xu	  et	  al.,	  2005;	  Yuan	  et	  al.,	  2010).	  leads	  to	  the	  reversible	  inhibition	  of	  local	  PTPs	  (Bae	  et	  al.,	  1997;	  Reynolds	  et	  al.,	  2003)	  resulting	  in	  a	  positive	  feedback	  that	  enhances	  the	  phosphorylation	  level	  of	  EGFR	  (subsection	  1.2.3.4).	  One	  other	  classical	  example	  contains	  SH2	  containing	  PTPs	   e.g.	   PTPN6	   and	   PTPN11.	   SH2	   mediated	   binding	   of	   such	   PTPs	   to	  phosphorylated	   sites	   on	   EGFR	   or	   adaptor	   proteins	   induces	   phosphatase	  activation	   and	   results	   in	   dephosphorylation	   of	   the	   receptor	   that	   exemplifies	   a	  negative	   feedback	   (Agazie	   and	   Hayman,	   2003a;	   Keilhack	   et	   al.,	   1998)	  
(subsection	   1.2.3.2).	   However,	   dephosphorylation	   of	   RTKs	   is	   not	   always	  associated	   with	   termination	   of	   the	   downstream	   signal.	   For	   example,	   SHP2	   is	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known	   as	   an	   essential	   promoter	   of	   EGFR	   downstream	   signaling.	   It	   has	   been	  shown	   that	   SHP2	   dephosphorylates	   EGFR	   at	   pY992	   (Agazie	   and	   Hayman,	  2003b),	  which	  is	  an	  important	  recruiting	  site	  for	  the	  Ras	  GTP-­‐activating	  protein	  (RasGAP)	   (Figure	   1.8).	   The	   inhibition	   of	   RasGAP	   translocation	   leads	   to	   an	  increased	  half-­‐life	  of	  activated	  Ras	   (GTP-­‐Ras)	   that	   induces	   the	  activation	  of	   the	  MAPK	  cascade.	  The	  example	  of	  SHP2	  in	  particular	  shows	  that	  the	  activity	  of	  PTP	  is	  important	  to	  generate	  an	  appropriate	  downstream	  signal.	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1.3.5	  	  	  	  	  	  	  PTPs	  support	  EGFR	  phosphorylation	  	  Cancer	  is	  often	  linked	  with	  an	  increase	  in	  the	  general	  phosphotyrosine	  content	  of	  the	   cell,	   associated	   with	   enhanced	   RTK	   and	   PTK	   activities	   (Hennipman	   et	   al.,	  1989)	  and	  because	  of	  the	  dephosphorylating	  activity	  it	  is	  generally	  believed	  that	  PTPs	  negatively	  regulate	  the	  phosphorylation	  of	  EGFR	  C-­‐terminal	  docking	  sites.	  However,	   several	   studies	   have	   shown	   an	   overall	   increase	   in	   total	   PTP	   activity	  suggesting	   that	   PTPs	   could	   indirectly	   support	   the	   phosphotyrosine	   level	   in	  cancer	  cells	  (Julien	  et	  al.,	  2011;	  Ostman	  et	  al.,	  2006).	  In	  this	  context,	  PTPs	  act	  not	  only	  as	   tumor	   suppressors	  but	  also	  as	  oncogenes.	  Beside	  autophosphorylation,	  EGFR	   phosphorylation	   can	   be	  mediated	   by	   other	   PTKs	   including	   non-­‐receptor	  Src-­‐familiy	  kinases	  (SFKs).	  As	  previously	  discussed	  for	  Y845	  (subsection	  1.3.3),	  EGFR	   trans-­‐autophosphorylation	   sites	   can	   be	   phosphorylated	   by	   recruited	  cytosolic	  Src	  that	   in	  turn	  promotes	  EGFR	  phosphorylation	  (Figure	  1.8	   and	  1.9	  
a).	  A	  direct	  interaction	  between	  phosphorylated	  EGFR	  and	  the	  SH2	  domain	  of	  Src	  has	   been	   described	   (Biscardi	   et	   al.,	   1999).	   Activation	   of	   Src	   requires	  dephosphorylation	   of	   its	   inhibitory	   Y527	   sites.	   Dephosphorylation	   of	   this	   site	  promotes	  the	  displacement	  of	  the	  SH2	  domain	  from	  this	  residue	  and	  subsequent	  autophosphorylation	  of	   residue	  Y416	  within	   the	   activation	   loop	  of	   Src	   (Figure	  
1.9	  b)	  (Abram	  and	  Courtneidge,	  2000;	  Sato	  et	  al.,	  2002).	  It	  has	  been	  shown	  that	  several	  PTPs	  including	  PTPN1	  (PTPB1),	  PTPN6	  (SHP1),	  PTPN11	  (SHP2),	  PTPN21	  (PTPD1),	   PTPRA	   (RPTPα),	   PTPRC	   (CD45),	   PTPRE	   (RPTPε),	   PTPRK	   (RPTPκ),	  PTPRU	   (RPTPλ),	   and	   ACP1	   (LMW-­‐PTP)	   induce	   dephosphorylation	   of	   the	  inhibitory	  phosphotyrosine	  of	  Src	  (pY527)	  resulting	  in	  Src	  activation	  (Bjorge	  et	  al.,	  2000;	  Cardone	  et	  al.,	  2004;	  Fang	  et	  al.,	  1994;	  Roskoski,	  2005;	  Somani	  et	  al.,	  1997;	   Wang	   et	   al.,	   2005;	   Zambuzzi	   et	   al.,	   2008;	   Zheng	   et	   al.,	   1992).	   Notably,	  beside	  the	  promoting	  function	  described	  for	  several	  PTPs,	  it	  has	  been	  shown	  also	  that	  PTPs	  dephosphorylate	   the	   activation	   site	  of	   Src	   (pY416)	   leading	   to	  kinase	  inhibition.	   This	   function	   has	   been	   shown	   for	   PTPN2	   (TCPTP),	   for	   example	  (Nunes-­‐Xavier	   et	   al.,	   2013).	   Furthermore	   and	  as	   already	   introduced	   in	  section	  
1.1,	   the	  presence	  of	  particular	  phosphorylation	  sites	  of	  EGFR	  recruits	  ubiquitin	  ligase	   Cbl	   that	   targets	   the	   receptor	   for	   degradation	   by	   ubiquitylation	   (Figure	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1.8).	  Next,	  we	  discuss	   in	   the	   following	   subsection	  how	   the	   interaction	  of	   PTPs	  with	  EGFR	  regulates	  the	  trafficking	  behavior	  of	  the	  receptor.	  	  
	  
	  
Figure	  1.9	  Schematic	  representation	  of	  the	  involvement	  of	  Src	  family	  kinases	  (SFKs)	  and	  PTPs	  in	  the	   regulation	   of	   EGFR	   (HER)	  phosphorylation.	   (a)	   PTPs	   can	   inhibit	   or	   activate	   SFKs	  by	  direct	  dephosphorylation	  (Arrow-­‐lines	  indicate	  activation	  and	  blunt-­‐lines	  inhibition).	  (b)	  Structure	  and	  activation	  of	  Src.	  When	  Y530	  (Y527)	  is	  phosphorylated,	  the	  C-­‐terminus	  binds	  to	  the	  SH2	  domain	  and	   inhibits	   Src	   activity	   holding	   the	   protein	   in	   its	   inactive	   state.	   Dephosphorylation	   of	   Y530	  (Y527)	   by	   PTPs	   allows	   Src	   to	   become	   open	   and	   fully	   active	   including	   autophosphorylation	   of	  Y419	  (Y416).	  The	  free	  SH2	  domain	  allows	  the	  recognition	  of	  phosphorylated	  substrates.	  Figure	  adapted	  and	  modified	  from	  (Kim	  et	  al.,	  2009;	  Nunes-­‐Xavier	  et	  al.,	  2013)	  
	  	  
1.3.6	   Regulation	  of	  EGFR	  trafficking	  by	  PTPs	  	  Under	  basal	  conditions,	  the	  majority	  of	  EGFR	  is	  located	  at	  the	  PM,	  but	  receptors	  are	   constantly	   internalized	   into	   recycling	   endosomes	   (Wiley,	   2003).	   The	  recycling	   rate	   is	   several	   times	   higher	   than	   the	   constitutive	   internalization	   rate	  which	   results	   in	   a	   predominant	   localization	   of	   EGFR	   at	   the	   PM	   and	   a	   small	  endosomal	   receptor	   pool	   (Sorkin	   and	   Goh,	   2008).	   As	   discussed	   in	   subsection	  
1.3.2,	  EGFR	  activation	  is	  dependent	  on	  an	  allosteric	  mechanism	  and	  on	  the	  basis	  of	   its	   intrinsic	  molecular	  properties,	  EGFR	  activation	  is	  possible	  even	  without	  a	  ligand.	  Under	   these	  conditions	   the	  constant	  PTP	  activity	  at	   the	  PM	  maintains	  a	  low	   phosphorylation	   level	   of	   EGFR.	   This	   activity	   prevents	   spurious	   signals	   in	  absence	  of	  ligand.	  It	  has	  been	  shown	  that	  several	  PTPs	  reduce	  the	  basal	  level	  of	  EGFR,	  including	  receptor-­‐like	  PTP	  that	  are	  present	  at	  the	  PM,	  but	  also	  cytosolic	  PTPs	  (Table	  1.1).	  The	  recycling	  pathway	  transports	  EGFR	  constantly	  trough	  the	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cytoplasm	  that	  might	  allow	  additional	  interactions	  with	  PTPs	  in	  the	  cytosol	  or	  at	  the	  ER	  that	  were	  spatially	  distinguished	  before.	  	  	   EGFR	  appears	  to	  alter	  its	  trafficking	  pattern	  in	  response	  to	  ligand	  induced	  phosphorylation.	   This	   altered	   pattern	   is	   characterized	   by	   accelerating	  internalization,	  enhanced	   lysosomal	  degradation	  and	  a	  decrease	   in	   the	   fraction	  that	   recycles	   (Wiley	   et	   al.,	   1991).	   Dependent	   on	   the	   cellular	   context,	   activated	  EGFR	  at	  the	  PM	  can	  undergo	  clathrin-­‐dependent	  endocytosis	  that	  is	  more	  rapid	  (Bonifacino	  and	  Lippincott-­‐Schwartz,	  2003;	  Kirchhausen,	  2000)	  and/or	  clathrin-­‐independent	   endocytosis	   that	   is	   facilitated	   by	   extensive	   PM	   ruffling	   and	  formation	  of	  micro-­‐	  and	  macropinocytic	  vesicles	  (Chinkers	  et	  al.,	  1979;	  Haigler	  et	  al.,	   1979).	   Studies	   on	   clathrin-­‐dependent	   endocytosis	   have	   shown	   that	   the	  internalization	   of	   EGFR	   requires	   its	   intrinsic	   kinase	   activity	   and	   its	  phosphorylation	   at	   specific	   binding	   sites	   because	  mutations	   of	   the	   Y1068	   and	  Y1086	   phosphorylation	   sites	   at	   the	   C-­‐terminus	   resulted	   in	   a	   decrease	   of	  internalization	   (Jiang	   et	   al.,	   2003b).	   	   These	   sites	   are	   recognized	   by	   the	   SH2	  domain-­‐containing	  adaptor	  Grb2,	  which	  is	  necessary	  for	  EGFR	  recruitment	   into	  coated	   pits.	   Besides	  minor	   binding	   to	   pY1086,	   pY1068	   seems	   to	   be	   the	  major	  binding	  site	  for	  Grb2	  (Batzer	  et	  al.,	  1994).	  Depletion	  of	  Grb2	  caused	  a	  substantial	  (60-­‐80%)	   decrease	   in	   EGFR	   internalization	   (Sorkin	   and	   Goh,	   2008),	   which	  strongly	   suggested	   that	   the	   Grb2-­‐dependent	   pathway	   plays	   a	   major	   role	   in	  clathrin	   dependent	   endocytosis.	   Grb2	   recruits	   Cbl	   that	   is	   a	   RING	   finger	  containing	   E3	   ubiquitin	   ligases	   that	   mediate	   ubiquitylation	   of	   several	   lysine	  residues	   in	   the	   kinase	   domain	   of	   EGFR	   via	   recruitment	   of	   E2	   ubiquitin	  conjugated	  enzymes	  (Levkowitz	  et	  al.,	  1999;	  Umebayashi	  et	  al.,	  2008).	  There	  are	  three	  members	  of	  the	  Cbl	  family	  c-­‐Cbl,	  Cbl-­‐b	  and	  Cbl-­‐3.	  The	  first	  two	  are	  able	  to	  bind	   to	   the	  SH3	  domain	  of	  Grb2	  (Thien	  and	  Langdon,	  2005).	   In	  addition	   to	   the	  indirect	  binding	  via	  Grb2,	  all	   three	  Cbl	  proteins	  can	  bind	  directly	  via	  a	  tyrosine	  kinase	   binding	   (TKB)	   domain	   to	   the	   phosphorylated	   Y1045	   site	   of	   EGFR	  (Levkowitz	   et	   al.,	   1999).	   Direct	   binding	   appears	   to	   play	   the	   minor	   role	   in	  clathrin-­‐dependent	   endocytosis	   of	   EGFR.	   However,	   it	   has	   been	   shown	   that	  ubiquitylation	  is	  not	  essential	  for	  receptor	  internalization	  but	  may	  function	  as	  a	  sorting	  signal,	  targeting	  for	  lysosomal	  degradation	  (Huang	  et	  al.,	  2007;	  Huang	  et	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al.,	  2006).	  In	  section	  1.1	  we	  introduced	  PTPRJ	  (DEP-­‐1)	  as	  an	  example	  PTP	  that	  dephosphorylates	  pY1068	  and	  thereby	  reduces	  the	  degradation	  of	  EGFR	  (Tarcic	  et	   al.,	   2009).	   However,	   it	   has	   been	   shown	   that	   several	   other	   PTPs	   also	   target	  these	  sites	  (Table	   1.1)	  and	   it	  can	  be	  assumed	  that	  such	   interactions	  at	   the	  PM	  collectively	   regulate	   the	   degradation	   rate	   of	   EGFR.	  Most	   PTPs	   including	   PTPRJ	  dephosphorylate	   not	   only	   phosphor	   sites	   required	   for	   degradation	   they	   also	  dephosphorylate	  pY845	  that	  potentially	  promotes	  dimerization	  and	  activation	  of	  EGFR.	   Overexpression	   of	   PTPs	   like	   PTPRJ	   can	   reduce	   dramatically	   the	  phosphorylation	  and	  degradation	  of	  EGFR	  after	   ligand	  binding.	   In	  consequence	  the	   strongly	   dephosphorylated	   EGFR	   might	   favor	   the	   recycling	   pathway	   in	  contrast	   to	   accelerated	   internalization.	   However,	   endocytosis	   is	   not	   only	   a	  degradation	  system,	   it	  actively	  transports	  the	  activated	  EGFR	  deeper	   inside	  the	  cell	   and	   allows	   additionally	   interactions.	   The	   predominant	   internalization	   of	  EGFR	   leads	   to	   additional	   interactions	  with	   cytosolic	  PTPs	   as	  mentioned	  before	  for	  basal	  conditions.	  Such	  interactions	  at	  endosomal	  compartments	  regulate	  the	  availability	   of	   phosphor	   binding	   sites	   including	   those	   required	   for	   Cbl	   and	  degradation.	   In	   other	  words,	   the	   collective	   activity	   of	   PTPs	   at	   the	   PM	   and	   the	  cytosol	  regulates	  the	  final	  rate	  of	  EGFR	  degradation	  vs	  recycling.	  	   The	   endosomal	  maturation	   process	   involves	   fusion	   of	   early	   endosomes	  and	  a	  change	  in	  their	  biochemical	  composition	  and	  morphology	  that	  leads	  to	  the	  formation	  of	  multivesicular	  bodies	  (MVB)	  (Sorkin	  and	  Goh,	  2008).	  Ubiquitylated	  EGFR	   is	   though	   to	   interact	  with	   the	  endosomal	   sorting	   complexes	   required	   for	  transport	  (ESCRTs),	  containing	  HRS	  and	  TSG101	  (Le	  Roy	  and	  Wrana,	  2005).	  This	  interactions	  guide	  the	  EGFR	  into	  intraluminal	  vesicles	  of	  MVBs.	  MVBs	  are	  formed	  approximately	  15-­‐20	  min	  after	  EGF	  induced	  endocytosis	  and	  it	  has	  been	  shown	  that	   the	   majority	   of	   the	   internalized	   EGFR	   undergoes	   lysosomal	   degradation	  (Carpentier	  et	  al.,	  1987;	  Dunn	  and	  Hubbard,	  1984;	  McKanna	  et	  al.,	  1979;	  Miller	  et	  al.,	   1986).	   However,	   during	   the	   endosomal	   maturation,	   a	   rapid	   recycling	   path	  from	  early	  endosomes,	  a	  slow	  recycling	  pathway	  from	  the	  tubular	  extensions	  of	  MVB	   and	   a	   recycling	   from	   late	   recycling	   endosomes	   are	   possible	   to	   escape	  receptor	   degradation.	   (Sorkin	   et	   al.,	   1991).	   After	   enclosing	   into	   intraluminal	  MVBs,	  EGFRs	  looses	  the	  ability	  to	  be	  recycled	  back	  to	  the	  PM	  and	  fusion	  of	  MVBs	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with	   primary	   lysosomal	   vesicles	   that	   carry	   proteolytic	   enzymes	   leads	   to	   rapid	  proteolysis	  of	   intraluminal	  components	  of	  the	  MVBs	  containing	  EGFR	  (Miller	  et	  al.,	  1986).	  	   In	  addition	   to	  direct	  dephosphorylation	  of	  Cbl	   recruiting	  phosphor-­‐sites	  on	  EGFR,	  it	  has	  been	  shown	  that	  several	  PTPs	  regulate	  the	  trafficking	  of	  EGFR	  by	  alternative	   mechanisms.	   For	   example,	   it	   has	   been	   shown	   that	   MTM1	  (myotubularin	   1)	   is	   recruited	   to	   late	   endosomes	   after	   EGF	   stimulation	   by	  phosphoinositide	   binding.	   Overexpression	   of	   MTM1	   inhibits	   EGFR	   trafficking	  from	   late	   endosomes	   to	   lysosomes	   and	   induces	   large	   endosomal	   vacuoles	  resulting	  in	  an	  increased	  EGFR	  stability	  (Tsujita	  et	  al.,	  2004).	  Similarly	  to	  MTM1,	  it	   has	   been	   shown	   that	   PTPN21	   (PTPD1)	   is	   rapidly	   recruited	   to	   endocytotic	  vesicles	   containing	   EGFR	   (Carlucci	   et	   al.,	   2010).	   In	   particular,	   endosomal	  localization	   of	   PTPN21	   is	  mediated	   by	   interaction	  with	   KIF16B,	   an	   endosomal	  kinesin	   that	   modulates	   receptor	   recycling	   at	   the	   PM.	   Silencing	   of	   PTPN21	  promotes	   degradation	   of	   EGFR	   and	   inhibits	   downstream	   ERK	   signaling.	   This	  implies	   that	   PTPN21	   promotes	   recycling	   of	   internalized	   EGFR	   through	   the	  endocytic	  pathway.	  In	  summary,	  the	  collective	  interactions	  of	  EGFR	  with	  PTPs	  at	  the	   PM	   determines	   whether	   a	   given	   ligand	   concentration	   induces	   robust	  receptor	   phosphorylation	   and	   enhanced	   degradation	   or	   not.	   In	   the	   latter	   case,	  the	   population	   of	   receptor	   remains	   in	   the	   inactive	   state	   favoring	   the	   recycling	  pathway.	   In	   case	   of	   a	   robust	   phosphorylation,	   the	   internalization	   is	   enhanced	  and	   the	   rate	   of	   degradation	   is	   dependent	   on	   the	   sum	   of	   all	   spatial-­‐temporal	  interaction	  with	  PTPs	  that	  EGFR	  encounters	  in	  the	  cytosol.	  	  	   I	   have	   discussed	   in	   the	   subsection	   1.2.3.4	   that	   ligand	   induced	   ROS	  production	   leads	  to	  transient	   inhibition	  of	  PTPs.	  Furthermore,	   I	  have	  discussed	  that	   EGFR	   is	   activated	   by	   an	   allosteric	   mechanism	   and	   possesses	   an	   intrinsic	  autocatalytic	   activity.	   Considering	   these	   features	   of	   the	   system,	   I	   want	   to	  exemplify	   how	   the	   interaction	   of	   RTKs	   and	   PTPs	   generates	   distinct	   spatial-­‐temporal	  phosphorylation	  patterns	  inside	  cells,	  which	  are	  dependent	  on	  the	  local	  topology	  of	  these	  opposing	  enzymes.	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1.4	   EGFR	   activation	   coupled	   to	   PTP	   inhibition	   generates	  
spatial	  phosphorylation	  pattern	  	  Due	  to	   the	   intrinsic	  autocatalytic	  activity	  of	  EGFR,	  even	  a	   local	  EGF	  stimulation	  can	   lead	   to	  an	  overall	  wave	  of	  receptor	  phosphorylation,	  also	  at	  regions	  where	  no	   ligand	   is	   present.	   On	   the	   other	   hand,	   RTK	   activation	   is	   coupled	   to	   ROS	  production	  that	  leads	  to	  local	  PTP	  inhibition.	  The	  coupling	  of	  RTK	  activation	  with	  PTP	   inhibition	   via	   ROS	   production	   can	   be	   described	   in	   a	   double	   negative	  feedback	  loop	  (in	  sum	  a	  positive	  feedback)	  that	  leads	  to	  the	  amplification	  of	  the	  phosphorylation	  signal	  (Figure	   1.10a).	  By	  considering	   the	  autocatalytic	  kinase	  activity	   of	   EGFR	   the	   system	   can	   be	   described	   as	   bistable	   (Figure	   1.10b)	  (Reynolds	  et	  al.,	  2003;	  Tischer	  and	  Bastiaens,	  2003).	  	  	  
	  
	  
Figure	   1.10	   (a)	   Schematic	   representation	   of	   the	   RTK	   –	   PTP	   network	   topology	   exemplifies	   a	  double	   negative	   feedback	   loop.	   Together	  with	   the	   autocatalytic	   activity	   of	   RTKs	   the	   system	   is	  bistable.	  (b)	  Representation	  of	  the	  resulting	  bistable	  system.	  The	  fraction	  of	  phosphorylated	  RTK	  (RTKp)	   at	   steady	   state	   as	   function	   of	   the	   relative	  maximal	   PTP/RTK	   activity	   (P/K).	   Green	   and	  read	   lines,	   stable	   steady	   states	   (resting	  and	  activated,	   respectively),	  blue	   lines,	  unstable	   saddle	  point.	   Where	   the	   red	   and	   green	   lines	   coincide,	   the	   system	   is	   bistable.	   Figure	   adapted	   from	  (Reynolds	  et	  al.,	  2003).	  	  	  This	  amplification	  allows	  the	  system	  to	  respond	  in	  a	  switch-­‐like	  manner	  in	  which	  the	   signal	   initiation	   is	   dependent	   on	   a	   certain	   threshold	   concentration	   of	   the	  ligand	   (Reynolds	   et	   al.,	   2003).	   In	   this	   way,	   a	   sufficient	   local	   EGF	   stimulation	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results	  in	  the	  activation	  of	  a	  small	  EGFR	  population	  at	  the	  PM,	  which	  is	  amplified	  by	  a	  locally	  mediated	  ROS	  production	  that	  overcomes	  PTP	  activity	  at	  the	  PM.	  By	  considering	  the	  dynamic	  distribution	  of	  EGFR	  and	  the	  diffusion	  of	  ROS	  at	  the	  PM,	  a	  local	  system	  activation	  creates	  a	  spatial	  phosphorylation	  pattern	  that	  includes	  regions	  where	  the	  PM	  is	  not	  exposed	  to	  ligand.	  Notably,	  ROS	  are	  chemically	  high	  reactive	   and	   randomly	   oxidize	   other	   cellular	   molecules	   e.g.	   amino	   acids	   of	  proteins	   fatty	   acids	   in	   lipids.	   Due	   to	   the	   high	   reactivity,	   ROS	   have	   a	   relatively	  short	  half-­‐time	  and	  is	  spatially	  constrained	  to	  their	  sources.	  Cells	  degrade	  ROS	  by	  antioxidant	  enzymes	  such	  as	  catalases	  to	  prevent	  severe	  damage	  that	  also	  limits	  the	   range	  of	  ROS.	  However,	   local	  production	  of	  ROS	   (induced	  by	  an	  active	  and	  phosphorylated	  population	  of	  EGFR)	  can	  still	  inhibit	  PTPs	  in	  a	  distinct	  range	  and	  lowers	   down	   the	   excitation	   threshold	   of	   neighboring,	   inactive	   EGFRs.	   This	  triggers	  a	  domino	   like	  rapid	  propagation	  of	  activity	  along	   the	  PM,	  whereby	   the	  RTK/PTP/H2O2	   system	   acts	   as	   an	   excitable	   medium	   (Grecco	   et	   al.,	   2011b;	  Reynolds	   et	   al.,	   2003).	   Trans-­‐phosphorylation	   events	   that	   enhance	   the	  dimerization	   affinity,	   and	   thereby	   the	   receptor	   activation	   are	   favored	   under	  higher	  receptor	  densities	  and	  become	  the	  key	  to	  trigger	  the	  lateral	  propagation.	  The	  involvement	  of	  RTK	  and	  PTP	  activity	  in	  the	  signal	  initiation	  exemplifies	  how	  the	   system	   can	   avoid	   spurious	   signaling	   and	   how	   a	   proper	   phosphorylation	  signal	   can	   be	   initiated	   after	   reaching	   a	   given	   reaction	   threshold.	   The	   constant	  tyrosine	  cycling	  between	  phosphorylated	  and	  dephosphorylated	  forms	  at	  the	  PM	  influences	   directly	   the	   receptor	   sensitivity	   to	   changes	   in	   ligand	   concentration	  (Qian	   and	   Beard,	   2006),	   and	   sensitivity	   to	   changes	   in	   PTP	   and	   receptor	  concentrations	   (Goldbeter	   and	   Koshland,	   1981).	   Moreover,	   the	   local	   RTK-­‐PTP	  topology	   in	   the	   system	   has	   direct	   consequences	   on	   the	   spatial-­‐temporal	  phosphorylation	   pattern	   of	   the	   receptor.	   In	   the	   case	   of	   the	   double	   negative	  feedback,	   the	   rapid	   self-­‐amplifying	   phosphorylation	   wave	   propagates	   through	  the	  cell	  as	  discussed.	  In	  contrast	  to	  this,	  a	  RTK	  coupled	  activation	  of	  PTPs	  that	  is	  achieved	   by	   PTP	   recruitment,	   as	   described	   in	   subsection	   1.2.3.2,	   changes	   the	  spatial-­‐temporal	   pattern	   to	   phosphorylation	   hot	   spots	   (Grecco	   et	   al.,	   2011b).	   I	  will	   next	   discuss	   how	   the	   phosphorylation	   pattern	   of	   EGFR	   propagates	  within	  the	  cytosol	  to	  affect	  downstream	  signaling.	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1.4.1	   Axial	  propagation	  of	  EGFR	  	  The	   downstream	   or	   axial	   signal	   propagation	   of	   EGFR	   needs	   to	   be	   tightly	  controlled	   because	   the	   catalytic	   activity	   of	   PTPs	   is	   up	   to	   three	   orders	   of	  magnitude	  higher	  than	  the	  activity	  of	  the	  tyrosine	  kinases	  (Fischer	  et	  al.,	  1991).	  Such	  a	  PTP	  activity	  would	  terminate	  any	  tyrosine	  phosphorylation	  signal	  in	  the	  cytosol.	   On	   the	   other	   hand,	   the	   absence	   of	   PTPs	   near	   the	   PM	   would	   allow	  spurious	   transmitted	   signals	   as	   shown	   in	   PTP	   inhibition	   experiments.	   The	  system	  is	  able	  to	  overcome	  this	  problem	  by	  the	  present	  spatial	  inhibition	  of	  PTPs	  by	  growth	   factor	   induced	  ROS	  production	  as	  discussed	   for	   lateral	  propagation.	  The	  lateral	  EGFR	  activation	  mediates	  local	  ROS	  production	  at	  the	  whole	  PM.	  But	  ROS	  diffuses	  also	   inside	   the	  cell	   and	  because	  of	   its	   short	  half-­‐life,	   a	  gradient	  of	  ROS	   is	   formed	   in	   the	   cytosol.	   This	   in	   turn	   generates	   as	  well	   a	   gradient	   of	   PTP	  activity	  in	  which	  PTPs	  near	  the	  PM	  are	  more	  inhibited.	  Thus,	  signal	  penetration	  via	   tyrosine	   phosphorylation	   is	   ultimately	   a	   self-­‐referencing	   system	   in	   which	  tyrosine	  phosphorylation	  depends	  on	  the	  magnitude	  of	  the	  ROS	  gradient,	  which	  in	   turn	  depends	  on	   the	  balance	  between	  RTK	  and	  PTP	  activities	   (Grecco	  et	   al.,	  2011b).	   As	   discussed	   already	   in	   subsection	   1.3.6,	   activated	   RTKs	   undergo	  endocytosis	   and	   this	   process	   is	   necessary	   in	   order	   to	   remove	   the	   activated	  population	  of	   receptor	   from	  the	  PM	  and	   to	   terminate	   the	  signal.	  Moreover,	   the	  endocytotic	  machinery	  guides	  the	  source	  of	  the	  ROS	  gradient	  packed	  in	  vesicles	  deeper	  inside	  the	  cytosol	  (Birtwistle	  and	  Kholodenko,	  2009).	  RAC-­‐mediated	  ROS	  production	   has	   been	   described	   in	   the	   endosmoal	   lumen	   (Li	   et	   al.,	   2006)	   that	  could	  induce	  an	  efficient	  negative	  regulation	  of	  cytosolic	  PTPs	  by	  the	  diffusion	  of	  ROS	   out	   of	   the	   endosome.	   In	   addition,	   the	   reduced	   size	   and	   closed	   surface	   of	  endosomes	   provides	   a	   relatively	   high	   density	   of	   EGFR	   that	   could	   support	   a	  sustained	  activity	  (Grecco	  et	  al.,	  2011b).	  	  	   Taking	  together,	  the	  interplay	  of	  RTKs	  and	  PTPs	  in	  space	  and	  time	  allows	  a	  tight	  control	  of	  signaling	  initiation	  and	  progression.	  The	  high	  PTP	  activity	  at	  the	  PM	   in	   the	   absence	   of	   a	   ligand	   avoids	   spurious	   signaling	   of	   EGFR	   that	   recycles	  constantly	  at	  the	  PM.	  On	  the	  other	  hand,	  the	  EGFR	  autocatalytic	  activity	  coupled	  with	  ROS	  mediated	  PTP	  inhibition	  facilitates	  lateral	  and	  axial	  signal	  propagation,	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1.5	   FRET-­‐FLIM	  and	  CA	  technology	  
	  
	  
1.5.1	   Förster	  resonance	  energy	  transfer	  (FRET)	  	  	  Fluorescence	  is	  the	  emission	  of	  a	  photon	  when	  an	  electron	  relaxes	  back	  from	  its	  excited	   singlet	   (S1)	   to	   its	   ground	   state	   (S0).	   In	   the	   excited	   singlet	   state,	   the	  electron	  in	  the	  excited	  orbital	  is	  paired	  (by	  opposing	  spin)	  to	  the	  second	  electron	  in	   the	   ground	   state	   (Lakowicz,	   2008).	   Consequently,	   relaxation	   to	   the	   ground	  state	  is	  spin	  allowed	  and	  occurs	  rapidly	  by	  emission	  of	  a	  photon.	  The	  electronic	  states	  of	  a	  molecule	  and	  the	  transitions	  between	  them	  can	  be	  described	  using	  the	  Jablonski	  diagram	  (Figure	  1.11).	  The	  lifetime	  (τ)	  that	  describes	  the	  average	  time	  between	  the	  excitation	  and	  the	  return	  to	  the	  ground	  state	  is	  typically	  in	  the	  range	  of	   nanoseconds.	   Upon	   light	   absorption,	   the	   electron	   in	   S0	   is	   usually	   excited	   to	  some	   higher	   electronic	   state,	   either	   S1	   or	   S2.	   At	   each	   of	   these	   states	   the	  fluorophores	   can	   exist	   in	   a	   number	   of	   vibrational	   energy	   levels.	   With	   a	   few	  exceptions,	   molecules	   relax	   rapidly	   by	   internal	   conversion	   to	   the	   lowest	  vibrational	   level	   of	   S1	   before	   emission	   occurs.	   In	   consequence,	   the	   same	  fluorescent	   emission	   spectrum	   is	   generally	   observed	   irrespective	   of	   the	  excitation	   wavelength.	   Additionally,	   loss	   of	   energy	   occurs	   when	   an	   emitting	  fluorophore	   decays	   to	   higher	   vibrational	   levels	   within	   the	   S0	   state,	   and	   then	  relaxes	   to	   the	   lowest	   S0	  level	   by	   internal	   conversion.	   The	   energy	   loss	   between	  excitation	   and	   emission	   due	   to	   internal	   conversion	   is	   a	   universal	   feature	   of	  fluorescent	  molecules	  and	  is	  implicated	  in	  the	  Stokes	  shift	  between	  the	  excitation	  and	   the	  energy	   lowered	  emission	  spectrum	  (Lakowicz,	  2008).	  Beside	   the	  rapid	  fluorescence	  emission,	  molecules	  in	  the	  S1	  state	  can	  also	  undergo	  a	  non-­‐radiative	  decay	  by	  internal	  conversion	  (kic)	  or	  a	  spin	  conversion	  to	  the	  first	  triplet	  state	  T1	  termed	   intersystem	   crossing	   (kisc).	   The	   transition	   from	   T1	   is	   forbidden	   and	  results	   in	   phosphorescence,	  which	   is	   several	   orders	   of	  magnitude	   slower	   then	  the	  rapid	  fluorescence	  emission.	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and	  the	  acceptor	  are	  coupled	  by	  a	  dipole-­‐dipole	   interaction.	  The	  rate	  of	  energy	  transfer	   (kFRET)	   is	   dependent	   on	   the	   distance	   (r)	   between	   the	   donor	   and	   the	  acceptor,	  the	  donor	  lifetime	  (τD)	  and	  the	  Förster	  distance	  (R0),	  that	  is	  defined	  as	  the	  distance	  at	  which	  50	  %	  energy	  transfer	  takes	  place.	  	  	  	   	   	   	   !!"#$ =    !!! !!! !   	   	   	   	   	   	  (3)	  	  R0	   is	   defined	   by	   the	   relative	   orientation	   of	   the	   transition	   dipoles	   of	   the	  fluorophores	  (κ2),	  the	  overlap	  integral	  (J(λ);	  cm6	  mol-­‐1)	  dependent	  on	  the	  overlap	  of	  the	  donor	  emission	  and	  the	  acceptor	  absorption	  spectra,	  the	  refractive	  index	  of	  the	  intervening	  medium	  (n)	  and	  the	  quantum	  yield	  (Q)	  of	  the	  donor.	  	  	  	   !! =    !!×!(!)×!!!×! !!   ×9.7×10!	  	   	   	   	  (4)	  	  The	  efficiency	  of	  the	  energy	  transfer	  (E)	  for	  a	  given	  single	  donor-­‐acceptor	  pair	  at	  a	  fixed	  distance	  is	  defined	  by:	  	  	   ! =    !!!!!!!!!	   	   	   	   	   	  (5)	  	  The	   typical	   value	   of	   R0	   lies	   between	   2	   and	   6	   nm,	   which	   is	   in	   the	   order	   of	  magnitude	  of	  protein	  dimensions.	  For	  this	  reason	  energy	  transfer	  has	  been	  used	  as	   molecular	   ruler	   to	   measure	   protein	   interactions.	   The	   short	   range	   of	   FRET	  guarantees	   that	   the	   signal	  will	   be	   highly	   specific	   for	   this	   interaction	   yielding	   a	  very	   low	   false	   positive	   rate.	   FRET	   reduces	   the	   excited	   state	   lifetime	   of	   the	  fluorophore	  as	   shown	   in	  equation	   (1)	  by	  providing	  an	  additional	  pathway	   for	  depopulating	  the	  excited	  state	  leading	  to	  the	  following	  dependency:	  	  	   ! = !!!!!!"!!!"#!!!"#$	   	   	   	   	  (6)	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In	   the	   same	  way,	   the	   quantum	   yield	   is	   reduced,	   leading	   to	   an	   overall	   reduced	  emission	  intensity.	  The	  FRET	  efficiency	  (E)	  can	  be	  directly	  derived	  from	  intensity	  (I)	   or	   lifetime	   (τ)	   based	  measurements.	  E	   can	   be	   calculated	   by	  monitoring	   the	  donor	   intensity	   (ID)	   and	   the	   donor	   intensity	   in	   presence	   of	   the	   acceptor	   (IF)	  (quenched	  intensity).	  Similarly,	  E	  can	  be	  derived	  from	  the	  donor	  lifetime	  (τD)	  and	  the	  in	  donor	  lifetime	  in	  presence	  of	  acceptor	  (τF).	  	  	   ! = 1 − !!!! = 1 − !!!!	   	   	   	   	  (7)	  	  In	  contrast	  to	  intensity	  based	  methods,	  lifetime	  measurements	  are	  independent	  of	   fluorophore	   concentration,	   less	   error	   prone	   from	   changes	   in	   intensity	   and	  allows	  precise	  quantification	  of	  the	  donor	  fraction	  in	  complex	  with	  the	  acceptor.	  FRET	   measured	   by	   fluorescence	   lifetime	   imaging	   microscopy	   (FLIM)	   goes	  beyond	  intensity	  based	  readouts	  as	  it	  provides	  a	  map	  of	  the	  absolute	  fraction	  of	  the	  donor	   in	  complex	  with	   the	  acceptor.	  We	  will	  next	  give	  a	  background	  about	  the	   FLIM	   measurement	   by	   frequency	   domain	   and	   how	   information	   can	   be	  extracted	  from	  lifetime	  data	  by	  global	  analysis.	  	  	  
1.5.2	   Frequency	  domain	  FLIM	  	  	  The	   fluorescence	   lifetime	  (τ)	  of	  a	  donor	   fluorophore	  can	  be	  measured	  by	   time-­‐domain	  or	  frequency	  domain	  FLIM.	  In	  time	  domain	  FLIM,	  τ	  is	  directly	  calculated	  from	   the	   fluorescence	   decay	   after	   a	   short	   excitation	   pulse,	   where	   the	   pulse	   is	  ideally	   much	   shorter	   than	   τ	   (Bastiaens	   and	   Squire,	   1999).	   For	   a	   sample	  comprising	  a	  single	  fluorescence	  species,	  the	  decay	  follows	  a	  single	  exponential	  and	  τ	  is	  given	  by	  the	  time	  over	  which	  the	  fluorescence	  intensity	  drops	  to	  about	  37	   %	   of	   its	   initial	   value.	   In	   frequency	   domain	   FLIM,	   the	   excitation	   light	   is	  modulated	  at	  high	   frequencies.	  The	  excitation	   intensity	   is	   typically	  sinusoidally	  modulated	  at	  frequencies	  in	  the	  range	  of	  10	  MHz	  –	  100	  MHz	  by	  an	  acousto-­‐optic	  modulator	   (AOM).	   When	   the	   excitation	   intensity	  is	   modulated,	   the	   emission	  follows	  the	  same	  frequency,	  but	  shows	  a	  decreased	  modulation	  amplitude	  and	  a	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shift	  in	  phase	  that	  dependents	  on	  the	  delay	  in	  time	  generated	  by	  the	  fluorescence	  emission	  lifetime	  (Figure	  1.12).	  	  	  
	  
	  
Figure	  1.12	  Definitions	  of	  the	  phase	  angle	  and	  modulation	  of	  emission.	  The	  assumed	  decay	  time	  is	   5	   ns	   and	   the	   light	  modulation	   frequency	   is	   80	  MHz.	   (J.	   Lakowicz,	   Principles	   of	   Fluorescence	  Spectroscopy,	  Third	  Edition	  2006)	  
	  
	  Therefore,	  the	  shift	  in	  phase	  Δϕ	  and	  the	  change	  of	  the	  relative	  modulation	  depth	  M	  between	  excitation	  and	  emission	  is	  a	  direct	  measurement	  of	  the	  fluorescence	  lifetime	   (Lakowicz,	   2008).	   Δϕ	   and	   M	   can	   be	   used	   to	   calculate	   the	   apparent	  frequency-­‐dependent	  fluorescence	  phase	  (τϕ) and modulation (τM) lifetime.	  	  	   	   	   	   !! =   !!!  !"#(!")	   	   	   	   	  (8)	  	   	  	   	   	   	   !! =   !!!   ! !! − 1	   	   	   	   	  (9)	  
	  These	   apparent	   frequency-­‐dependent	   fluorescence	   lifetimes	   are	   only	   equal	   to	  each	  other	  when	  the	  fluorescence	  decay	  is	  characterized	  by	  a	  single	  exponential.	  The	  resulting	  phase	  shift	  and	  the	  modulation	  of	  the	  emission	  are	  dependent	  on	  the	  relative	  lifetime	  but	  also	  on	  the	  light	  modulated	  frequency	  (Lakowicz,	  2008).	  The	  optimal	  frequency	   f	   for	  measuring	  a	  fluorescence	  lifetime	  is	  chosen	  so	  that	  2πfτ	  ∼	  1.	   The	   current	   inability	   to	   acquire	   images	   at	   GHz	   frame	   rate	   makes	   it	  
Introduction	  
	   	   	  	   51	  
impossible	   to	   directly	   measure	   the	   dephase	   and	   demodulation	   of	   the	  fluorescence	  emission	  using	  a	  CCD	  camera.	  Therefore,	  most	  wide	  field	  homodyne	  FD-­‐FLIM	  systems	  recover	   the	  phase	  τϕ and modulation τM lifetime	   from	  multiple	  sample	   excitations	   generating	   a	   stack	   of	   images	   (FLIM	   stack).	   A	  microchannel	  plate	  (MCP)	   intensifier	   is	  placed	   in	   front	  of	   the	  camera	  to	  modulate	   the	  gain	  at	  the	   same	   frequency	   as	   the	   modulated	   excitation	   but	   the	   frequency	   of	   the	  intensifier	   is	  slightly	  shifted	   in	  phase	  (Gadella,	  1993).	  The	  resulting	  FLIM-­‐stack	  contains	   intensity	   images	   taken	   at	   different	   phase	   shifts	   ϕk	   over	   2π	   (Figure	  
1.13).	  The	  phase	   shift	  ϕ and	   the	  demodulation	  M	  at	   each	  pixel	  or	  alternatively	  their	   complex	   representation	   R	   =	   Meiϕ can be obtained using singular value 
decomposition.	  	  
	  	  
Figure	   1.13	   FD-­‐FLIM.	   (A)	  Sinusoidally	  modulated	  excitation	  and	  emission	  of	   two	   fluorophores	  with	  two	  different	  lifetimes	  (short	  and	  long).	  The	  phase	  shift,	  demodulation,	  and	  the	  period	  of	  the	  wave	  are	  indicated.	  (B)	  Acquisition	  of	  the	  FLIM	  stack	  by	  homodyne	  detection.	  Upper	  panels	  show	  the	  modulated	  emission	  along	  with	  the	  different	  phases	  of	  the	  modulated	  gain	  of	  the	  intensifier.	  Middle	   panel	   shows	   the	   different	   phases	   of	   the	   acquired	   FLIM	   stack.	   Plot	   in	   the	   lower	   panel	  shows	   the	   change	   in	   I(i,	   j,	   k)	   in	   the	   different	   phases	   of	   the	   FLIM	   stack.	   Figure	   adapted	   from	  (Grecco	  et	  al.,	  2011a)	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1.5.3	   Global	  analysis	  of	  FRET–FLIM	  data	  	  The	   phase	   and	  modulation	   parameterization	   of	   the	   fluorescence	   decay	   profile	  can	  be	  superseded	  by	  a	  parameterization	  in	  terms	  of	  three	  biophysically	  relevant	  quantities.	  The	  first	  two	  are	  the	  fluorescence	  lifetime	  of	  the	  donor	  (τD)	  alone	  and	  the	   donor	   in	   complex	   with	   the	   acceptor	   (τF),	   which	   together	   define	   the	   FRET	  efficiency	  (E)	  (equation	  7).	  The	  third	  parameter	   is	  the	  fraction	  of	  the	  donor	  in	  complex	   with	   the	   acceptor	   (α).	   When	   assessing	   interactions,	   the	   fluorescence	  lifetimes	  are	  only	  dependent	  on	  the	  photophysical	  properties	  of	  the	  donor	  alone	  and	  in	  complex.	  Therefore,	  for	  a	  given	  FRET	  pair,	  these	  values	  can	  be	  considered	  as	   spatially	   invariant	   and	   globally	   linked	   across	   all	   datasets.	   In	   contrast,	   the	  biologically	   relevant	   parameter	   α(i,	  j)	   quantifies	   in	   each	   pixel	   the	   fraction	   of	  interacting	  protein.	   In	   the	   complex	  plane	   representation	  of	   the	  data	   (Grecco	  et	  al.,	   2009;	   Verveer	   and	   Bastiaens,	   2003;	   Verveer	   et	   al.,	   2000a),	   points	  corresponding	  to	  a	  monoexponential	  fluorescence	  decay	  lay	  in	  a	  semicircle	  with	  radius	  and	  center	  0.5	  (Figure	  1.14).	  	   !! =    !!!!"#	   	  	  	   	   	   	  	  	  	  	  	  	  	  	  	  (10)	  	  	  	  	  	  	  
	  
Figure	   1.14	   Global	   analysis	   in	   the	   complex	   plane.	   Complex	   plane	   schematic	   representation	   of	  phase	  shift	  and	  modulation	  data	  before	  (green	  cloud)	  and	  after	  the	  addition	  of	  the	  FRET	  acceptor	  (red	   cloud).	   The	   dashed	   semicircle	   described	   by	   equation	   (10)	   represents	   all	   possible	  monoexponential	  fluorescence	  lifetimes	  (τ).	  RD	  and	  RF	  are	  the	  Fourier	  coefficients	  corresponding	  to	   the	   global	   lifetime	  of	   the	  donor	   alone	   and	   the	   global	   lifetime	  of	   the	  donor	   in	   present	   of	   the	  acceptor.	  A	  mixture	  will	  be	  a	  linear	  combination	  of	  those.	  The	  fraction	  of	  donor	  in	  complex	  with	  the	  acceptor	  (α)	  is	  the	  length	  of	  the	  projection	  of	  R	  -­‐	  RD	  onto	  the	  vector	  RF	  -­‐	  RD.	  Figure	  adapted	  from	  (Grecco	  et	  al.,	  2011a)	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A	  bi-­‐exponential	  decay	  (τD	  and	  τF)	   is	  just	  the	  linear	  combination	  of	  the	  complex	  quantities	   for	   each	   component	   and	   the	   prefactors	   are	   the	   relative	   fractions	   of	  each	  component.	  	  
R(i,j)=(1−α(i,j))RD+α(i,j)RF	   	  	  	  	  	  	  	  	  	  	  	  	  (11)	  	  If	   there	   is	  enough	  dispersion	   in	  the	  α	  values,	  a	  straight	   line	  can	  be	   fitted	  to	  the	  cloud	   of	  R(i,	  j).	   The	   intersection	   points	   with	   the	   “monoexponential	   semicircle”	  are	  RD	  and	  RF	  from	  which	  the	  corresponding	  lifetimes	  can	  be	  derived.	  The	  value	  of	  α(i,	  j)	  can	  be	  obtained	  by	  projecting	  the	  vector	  R(i,	  j)	  -­‐	  RD	  into	  the	  vector	  RF	  -­‐	  RD	  (Figure	   1.14).	   The	   fact	   that	   recovering	   these	   parameters	   constitutes	   a	   linear	  problem	   is	   of	   special	   interest	   in	   screening	   applications	   because	   of	   saving	  computation	   time,	  so	   that	  a	   large	  number	  of	  datasets	  can	  be	  analyzed	   together	  and	  compared	  (Clayton	  et	  al.,	  2004).	  	  	  
	  
1.5.4	   Cell	  array	  (CA)	  technology	  provides	  systematic	  perturbation	  of	  PTPs	  	  	  In	  order	  to	  address,	   the	  spatial-­‐temporal	  regulation	  of	  EGFR	  by	  PTPs	  a	  method	  that	   combines	   assay	   miniaturization	   and	   quantitative	   microscopy	   is	   required.	  High	   throughput	   microscopy-­‐based	   protein	   screenings	   require	   an	   addressable	  array	  of	   genomic	  material	   (plasmid	  DNA	  or	   siRNA)	  on	   imaging	   compatible	   cell	  culture	   chamber.	   Transfection	   in	   multi-­‐well	   plates	   provides	   strict	   separation	  between	   samples	   but	   hinders	   the	   application	  of	   homogeneous	   treatment	   to	   all	  cells.	  In	  contrast,	  reverse	  transfection	  of	  immobilized	  genetic	  material	  arrayed	  in	  a	  single	  culture	  chamber	  allows	  spatially	  restricted	  perturbation	  of	  cell	  colonies	  without	   the	  use	  of	  wells	   (Figure	   1.15).	   As	   all	   cells	   are	   grown	   in	   the	   same	   cell	  culture	  chamber,	  applied	  treatments	  are	  ineluctably	  homogeneous	  except	  for	  the	  unique	   transfection	   in	   each	   spot.	   In	   addition,	   all	   the	   experimental	   error	  generated	  due	  to	  well-­‐to-­‐well	  variation	   is	  avoided.	  By	  using	  these	  so	  called	  cell	  arrays	   (CA)	   the	   function	  of	  many	  proteins	  can	  be	  analyzed	   in	  a	  short	   time	   in	  a	  slide	  with	  up	  to	  10	  spots	  /	  mm2	  (spot	  size	  120-­‐150	  μm	  in	  diameter).	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Figure	   1.15	   Schematic	   representation	   of	   CA	   production.	   Arrays	   are	   produced	   by	   spotting	  transfection	  material	  such	  as	  plasmid	  DNA	  loaded	  in	  384	  well	  plates	  on	  LabTek	  chambered	  cover	  glasses	   (left).	   Arrays	   with	   384	   individual	   spots	   were	   seeded	   with	   human	   culture	   cells	   and	  incubated	   for	   reverse	   transfection	  on	   spots.	   Reverse	   transfection	  of	   cells	   on	   spots	   loaded	  with	  mCitrine	  expression	  plasmids	  are	  shown	  together	  with	  nucleus	  dapi	  staining	  (right).	  	  	  	  	  	   Thus,	   CA	   have	   emerged	   as	   new	   devices	   for	   automated	   high-­‐throughput	  quantitative	  microscopy	  providing	  spatial	  resolution	  (Grecco	  et	  al.,	  2010;	  Kumar	  et	  al.,	  2003;	  Mousses	  et	  al.,	  2003;	  Ziauddin	  and	  Sabatini,	  2001).	  CA	  is	  flexible	  to	  study	  a	  high	  variation	  of	  biological	  questions	  because	  of	  its	  variability	  in	  terms	  of	  readout	   and	   spotted	   material.	   CA	   have	   been	   used	   in	   several	   loss-­‐	   or	   gain-­‐	   of	  function	  screenings	  by	  using	  siRNA	  or	  plasmid	  cDNA	  arrays.	  Beyond	  cell-­‐based	  phenotypic	   readouts,	   CA	   has	   been	   successfully	   combined	   with	   FRET-­‐FLIM	   to	  generate	  quantitative	  data	  about	  the	  phosphorylated	  state	  of	  signaling	  proteins	  (Grecco	  et	  al.,	  2010).	  Moreover,	  CA-­‐FLIM	  also	  allows	  systematic	  perturbation	  of	  multiple	  PTPs,	  as	  well	  as	  the	  possibility	  to	  quantify	  the	  phosphorylated	  state	  of	  EGFR.	  In	  this	  way,	  CA-­‐FLIM	  is	  suitable	  to	  study	  the	  regulatory	  function	  of	  PTPs	  in	  EGFR	  phosphorylation	  signaling.	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II	   SCOPE	  	  The	   intrinsic	   autocatalytic	   activity	   of	   EGFR	   and	   its	   interactions	   with	   PTPs	  determines	  the	  phosphorylation	  of	  the	  receptor	  and	  its	  trafficking.	  Both	  features	  control	   the	  signaling	  duration	  of	  downstream	  effectors	  and	   thereby	  govern	   the	  cellular	   response.	   PTPs	   underlie	   specific	   activation	   mechanisms	   and	   occupy	  distinct	   cellular	   locations,	   thus	   shaping	   the	   spatial-­‐temporal	   phosphorylation	  profile	   of	   EGFR	   during	   trafficking	   (Figure	   2.1).	   Differences	   in	   the	   coupling	   of	  EGFR	  and	  PTP	  activities	  have	  direct	  consequences	  on	  the	  global	  phosphorylation	  profile.	  For	  example,	  a	  double	  negative	  (positive)	  feedback	  between	  EGFR	  and	  a	  particular	  PTP	  would	  result	  in	  a	  rapid	  self-­‐amplifying	  phosphorylation	  wave	  that	  propagates	   through	   the	   cell.	   In	   contrast,	   a	   negative	   feedback	   loop	   induces	  phosphorylation	   hot	   spots	   when	   EGFR	   supports	   PTP	   activity	   (Grecco	   et	   al.,	  2011b).	  Despite	  their	  inhibitory	  function,	  it	  has	  been	  proposed	  that	  several	  PTPs	  might	  also	  promote	  EGFR	  phosphorylation	  (Julien	  et	  al.,	  2011).	  Thus,	  the	  picture	  of	  how	  global	  phosphorylation	  patterns	  are	  generated	  by	  the	  opposing	  activities	  of	  EGFR	  and	  PTP	  needs	  to	  be	  complemented	  with	  the	  information	  where,	  when	  and	   how	   strong	   each	   individual	   PTP	   regulates	   EGFR	   phosphorylation.	   The	  following	  questions	  were	  therefore	  addressed	  in	  this	  thesis:	  	   1.	   The	   functional	   role	   of	   many	   PTPs	   in	   RTK	   signaling	   remains	  uncharacterized.	   Therefore,	   we	   first	   aimed	   at	   identifying	   which	   PTPs	  reduce	  or	  enhance	  the	  tyrosine	  phosphorylation	  level	  of	  EGFR	  upon	  EGF	  stimulation,	  or	  in	  particular,	  which	  PTPs	  can	  be	  classified	  as	  negative	  or	  
positive	  regulators.	  	   2.	   PTPs	   encounter	   EGFR	   with	   a	   defined	   temporal	   hierarchy	   at	   distinct	  cellular	  regions	  after	  ligand	  stimulation.	  Our	  second	  question	  was:	  How	  is	  the	  temporal	  phosphorylation	  profile	  of	  EGFR	  regulated	  by	  PTPs?	  Can	  we	  classify	  different	  PTPs	  by	  their	  regulatory	  function?	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Figure	   2.1	   Schematic	   presentation	   of	   the	   spatial	   distribution	   of	   EGFR.	   (a)	   Due	   to	   its	   intrinsic	  autocatalytic	   properties,	   EGFR	   can	   undergo	   trans-­‐autophosphorylation	   events	   by	   random	  collusions	   at	   the	   PM	   in	   absence	   of	   EGF	   ligands.	   EGFRs	   cycle	   between	   the	   PM	   and	   recycling	  endosomes	   where	   they	   interact	   with	   PTPs.	   Under	   these	   conditions,	   a	   constant	   PTP	   activity	  prevents	  spurious	  phosphorylation	  signals	  and	  degradation	  of	  EGFR.	  The	  activity	  of	  PTPs	  is	  up	  to	  three	  orders	  of	  magnitude	  higher	  than	  the	  activity	  of	  tyrosine	  kinases	  (Fischer	  et	  al.,	  1991)	  that	  would	   terminate	   any	   tyrosine	   phosphorylation	   signal.	   The	   system	   is	   able	   to	   overcome	   this	  problem	  by	   the	  present	   spatial	   inhibition	  of	  PTPs	  by	  growth	   factor	   induced	  ROS	  production	  at	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the	  PM.	  EGFR	  recycling	  into	  areas	  where	  PTPs	  have	  a	  higher	  activity	  compared	  to	  the	  PM	  might	  favor	   a	   low	   basal	   phosphorylation	   level	   of	   EGFR	   in	   absence	   of	   ligand.	   (b)	   Upon	   growth	   factor	  binding,	  EGFR	  dimerization	  is	  favored	  leading	  to	  enhanced	  trans-­‐phosphorylation	  of	  the	  receptor	  population	  that	  is	  coupled	  with	  PTP	  inhibition	  by	  ROS	  production.	  The	  EGFR	  provides	  sufficient	  phosphorylated	   tyrosines	   at	   pY1045,	   pY1068	   and	  pY1086	   to	   interact	  with	   the	   ubiquitin	   ligase	  Cbl,	  which	  targets	  the	  receptor	  for	  degradation.	  In	  contrast	  to	  recycling,	  the	  majority	  of	  EGFRs	  is	  internalized	   and	   undergoes	   degradation	   in	   lysosomes.	   The	   spatial-­‐temporal	   tyrosine	  phosphorylation	  pattern	  of	  EGFR	  inside	  the	  cell	  is	  than	  dependent	  on	  the	  regulatory	  function	  and	  the	  distinct	  localization	  of	  certain	  PTPs.	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3.1	  	   cDNA	  library	  generation	  by	  high-­‐throughput	  cloning	  	  We	  have	  cloned	  a	  library	  of	  mCitrine	  fusion	  proteins	  in	  cooperation	  with	  our	  in-­‐house	  cloning	  facility,	  Dortmund	  Protein	  Facility	  (DPF).	  For	  cloning,	  the	  DPF	  uses	  a	   combination	  of	   “in-­‐vivo-­‐cloning“	  and	   “SLIC”	  (Li	  and	  Elledge,	  2007;	  Oliner	  et	  al.,	  
1993).	   The	   method	   facilitates	   the	   "capture"	   of	   PCR	   products	   directly	   into	  expression	  vectors	  independent	  of	  internal	  or	  flanking	  restriction	  sites	  or	  the	  use	  of	  ligases	  (Dortmund	  Protein	  Facility,	  Germany).	  For	  the	  generation	  of	  N-­‐	  and	  C-­‐	  terminal	   Citrine	   fusion	  proteins,	   the	   expression	   vectors	   p2297-­‐OPIN(n)Citrine-­‐His6	   and	   p2150-­‐OPIN(c)Citrine-­‐His6	   (pTriEx-­‐2)	  were	   selected	   from	   the	  DPF	   as	  initial	   destination	   backbones	   (Berrow	   et	   al.,	   2007).	   We	   have	   modified	   both	  Citrine	  vectors	   by	  mutagenesis	   PCR	   to	   create	   monomeric-­‐	   (m)Citrine	   (A207K)	  without	  a	  His6-­‐Tag.	  The	  modification	  by	  classical	  cloning	  is	  described	  in	  section	  
3.1.1.	  The	  final	  p2297-­‐OPIN(n)mCitrine	  and	  p2150-­‐OPIN(c)mCitrine	  were	  then	  used	  as	  backbones	  to	  generate	  a	  library	  of	  fusion	  proteins	  with	  ORFs	  coding	  for	  PTPs	   (Figure	   3.1).	   ORFs	   provided	   by	   Genescript	   or	   isolated	   by	   reverse	  transcription	   of	   mRNA	   from	   human	   cell	   lines	   were	   used	   as	   PCR	   templates	   in	  SLIC.	  Positive	  clones	  were	  sequenced	  and	  later	  on	  pufified	  using	  a	  high	  content	  PureYield	   plasmid	   Midiprep	   System	   (Promega),	   following	   the	   instruction	  manual.	  A	  list	  of	  generated	  PTP-­‐mCitrine	  plasmids	  and	  the	  primer	  information	  is	  provided	  in	  Appendix	  6.3.	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Figure	   3.1	   Schematic	   of	   SLIC	   based	   cloning.	   PCR	   frequents	   of	   PTP	   cDNA	   are	   generated	   with	  specific	   sequence	   overhangs	   (orange	   and	   light	   green)	   by	   primer	   design	   to	   allow	   homologous	  recombination	   with	   linear	   destination	   backbones.	   p2297-­‐OPIN(n)mCitrine	   and	   p2150-­‐OPIN(c)mCitrine	   backbones	  were	  used	   to	   create	   either	  N-­‐terminal	   (with	  p2150)	   or	   C-­‐terminal	  (with	   p2297)	   mCitrine	   fusion	   proteins.	   Plasmids	   were	   linearized	   by	   either	   KpnI/HindIII	   or	  NcoI/HinIII,	   as	   indicated.	   LacZ	   was	   used	   as	   selection	   marker	   to	   determine	   the	   digestion	  efficiency.	  	  	  
3.1.1	   Modification	  of	  Citrine	  pOPIN	  backbones	  	  We	   have	   modified	   the	   initial	   p2297-­‐OPIN(n)Citrine-­‐His6	   and	   p2150-­‐OPIN(c)	  Citrine-­‐His6	  sequence	  (DPF,	  Dortmund,	  Germany)	  as	  follows.	  The	  His6	  in	  p2297-­‐OPIN(n)Citrine-­‐His6	  was	  excluded	  by	  a	  primer	  pair	  flanking	  the	  His6	  segment	  at	  both	   sites	   (primer	  pair	  1).	  The	   resulting	  blunt-­‐ends	  of	   the	   linear	  plasmid	  were	  joined	  by	  ligation	  with	  the	  5'	  phosphate	  group	  provided	  by	  the	  reverse	  primer.	  In	  case	  of	  the	  p2150-­‐OPIN(c)	  Citrine-­‐His6,	  a	  stop	  codon	  was	  introduced	  in	  front	  of	  the	   His6	   by	   mutagenesis	   PCR	   (primer	   pair	   2	   and	   3).	   Modified	   plasmids	   from	  mutagenesis	   PCRs	   or	   blunt-­‐end	   ligation	   were	   transformed	   and	   single	   clones	  were	   selected	   for	   sequencing.	   Positive	   clones	   of	   p2279	   were	   digested	   with	  NcoI/KpnI,	   or	   in	   case	   of	   the	  p2150	  with	  HindIII/ClaI,	   and	   subcloned	  back	   into	  the	   original	   vector.	   In	   particular,	   the	   cleavage	   by	   ClaI	   is	  methylation	   sensitive	  and	   p2150	   plasmids	   were	   prepared	   in	   Dam/Dcm	  methylase	   deficient	   SCS110	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cells.	  After	  excluding	  the	  His6	   from	  the	  reading	  fame	  in	  p2150	  and	  p2297,	  both	  plasmids	   were	   modified	   in	   the	   Citrine	   sequence.	   Two	   mutations	   (S24N	   and	  A207K)	  were	  introduced	  in	  each	  Citrine	  sequences	  to	  generate	  the	  monomeric-­‐	  (m)Citrine	   (Griesbeck	   et	   al.,	   2001).	   The	   Citrine	  mutations	  were	   introduced	   by	  two	   individual	   mutagenesis	   PCRs	   (primer	   pair	   4	   and	   5).	   Successful	   modified	  clones	   of	   p2279	   were	   digested	   with	   Ncol/KpnI	   or	   in	   case	   of	   p2150	   with	  HindIII/SphI	   and	   subcloned	   into	   the	   original	   vector.	   A	   schematic	   of	   both	  resulting	   p2297-­‐OPIN(n)mCitrine	   and	   p2150-­‐OPIN(c)mCitrine	   plasmids	   are	  shown	   in	   (Figure	   3.2).	   A	   detailed	   description	   about	   the	   protocols	   and	   used	  primer	  pairs	  is	  provided	  in	  the	  following	  subsections.	  	  
	  
Figure	   3.2	   Schematic	   of	   introduced	   modifications	   in	   p2297-­‐OPIN(n)Citrine	   and	   p2150-­‐OPIN(c)Citrine.	  In	  p2297	  the	  His6	  was	  excluded	  by	  blunt-­‐end	  ligation.	  In	  p2150	  a	  stop	  codon	  was	  introduced	  in	  front	  of	  the	  His6	  to	  exclude	  it	  from	  the	  reading	  frame.	  A207K	  and	  S24N	  mutations	  were	   introduced	   in	   the	   Citrine	   sequence	   to	   generate	   an	  monomeric-­‐	   (m)Citrine	   in	   p2297	   and	  p2150.	  Restriction	  sites	  used	  for	  sub-­‐cloning	  are	  indicated	  for	  both	  plasmids.	  	  	  	  
Blunt-­‐end	  PCR	  and	  ligation	  PCRs	   were	   performed	   with	   the	   Pfu-­‐Ultra-­‐HF	   (Stratagen)	   polymerase.	   Each	  reaction	  mix	   contained	  5	   μl	   10x	  PfuBuffer,	   20	  μl	   dNTPs	   (10	  mM),	   1	   μl	   of	   each	  primer,	  1.5	  μl	  Pfu-­‐Ultra-­‐HF	  polymerase	  (2.5	  U/μl),	  650	  ng	  template	  in	  a	  volume	  of	   50	   μl.	   The	   PCR	   was	   established	   on	   a	   PCR	   cycler	   (Eppendorf)	   by	   using	   the	  following	  protocol:	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   (1)	  	   95°C	  	  	  	  	  	  	  2	  min	  (2)	  	   95°C	  	  	  	  	  30	  sec	  (3)	  	   55°C	  	  	  	  	  30	  sec	  	  	  	   16x	  (4)	  	   72°C	  	  	  	  	  6.45	  min	  (5)	  	   go	  back	  to	  step	  (2)	  (6)	  	   72°C	  	  	  	  	  	  8	  min	  	  (7)	  	   end/hold	  4	  °C	  	  DpnI	  (Stratagen)	  was	  added	  and	  incubated	  1	  hr	  at	  37°C	  to	  remove	  the	  template	  plasmid	   from	   the	   PCR	   reaction.	   The	   PCR	   reaction	   was	   incubated	   with	   Quick-­‐Ligase	  (New	  England	  Bioscience)	  and	  transformed.	  	  
Primer	   pair	   1:	   Oligonucleotides	   to	   exclude	   the	   His6	   from	   the	   p2297	   by	   blunt-­‐end	   ligation.	  Targeting	  sequence	  containing	  the	  His6	  indicated	  in	  blue.	  The	  primer	  pair	  flanks	  the	  His6	  region	  at	  both	  sites.	  The	  5'-­‐primer	  contains	  a	  phosphorylated	  end	  (PHOS-­‐5').	  	  
Targeting	  sequence	  p2297:	  	  5'-­‐cattttatttacaatcaaaggagatataccatggcacaccatcaccaccatcacagcagcggtgtgagcaaggggaggagc-­‐3'	  	  delHtagN-­‐citrine–F	  	   	   	   5'-­‐	  gtgagcaagggcgaggagc-­‐3'	   	  delHtagN-­‐citrine–RPHOS-­‐5’	   	   5'-­‐PHOScatggtatatctcctttgattgtaaataaaatg-­‐3'	  	  
	  
Mutagenesis	  PCR	  Mutagenesis	   PCR	   was	   performed	   using	   a	   mutagenesis	   kit	   (Stratagene,	  QuikChange	   XL	   Site-­‐Directed	  Mutagenesis	   kit)	   and	   following	   the	  manufactures	  protocol.	  Every	  mutation	  was	  introduced	  by	  a	  separate	  PCR.	  For	  each	  reaction:	  5	  μl	  10x	  reaction	  buffer,	  10	  ng	  plasmid	  DNA,	  125	  ng	  of	  each	  primer,	  1	  μl	  dNTPs	  (2	  mM),	  3	  μ	  Quicksolution	  and	  1	  μl	  Turbo	  Pfu	  polymerase	   (2.5	  U/μl)	  were	  mixed	  together	   and	   filled	   up	   to	   a	   total	   volume	   of	   50	   μl	   with	   H2O.	   The	   PCR	   was	  established	  on	  a	  PCR	  cycler	  (Eppendorf)	  by	  using	  the	  following	  protocol:	  	   (1)	  	   95°C	  	  	  	  	  	  	  1	  min	  (2)	  	   95°C	  	  	  	  	  50	  sec	  (3)	  	   60°C	  	  	  	  	  50	  sec	  	  	  	   18x	  (4)	  	   68°C	  	  	  	  	  6.45	  min	  (5)	  	   go	  back	  to	  step	  (2)	  (6)	  	   68°C	  	  	  	  	  	  7	  min	  	  (7)	  	   end/hold	  4	  °C	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PCR	  products	  were	  digested	  by	  DpnI	  (Stratagen)	  for	  1	  hr	  at	  37°C	  to	  remove	  the	  template	  plasmid.	  	  	  
Primer	   pair	   2:	  Oligonucleotides	   to	   insert	   a	   stop-­‐codon	   in	   front	  of	   the	  His6	  in	   the	  p2150-­‐OPIN.	  His6	  underlined,	  targeting	  triplet	  in	  blue	  and	  new	  stop	  codon	  triplet	  in	  red.	  
	  
Targeting	  sequence	  p2150:	   	   5'-­‐gcatggacgagctgtacaagcagtttaaacatcaccatcaccatcactaa-­‐3'	  	  c43t_t45g	  F	   	   	   	  	  	  	   5'-­‐tggacgagctgtacaagcagtttaaatagcaccatcaccatca-­‐3'	  c43t_t45g	  R	   	   	   	   5'-­‐tgatggtgatggtgctatttaaactgcttgtacagctcgtcca-­‐3'	  	  
Primer	   pair	   3:	  Oligonucleotides	   to	   shift	   the	   stop-­‐codon	   in	   the	  p2150-­‐OPIN	  backbone.	   Present	  stop	  codons	  in	  grey,	  His6	  underlined,	  targeting	  triplet	  in	  blue	  and	  new	  stop	  codon	  triplet	  in	  red.	  	  
Targeting	  sequence	  p2150:	  	   	  	  	  	  	  	  	  	  5'-­‐cgagctgtacaagcagtttaaatagcaccatcaccatcactaa-­‐3'	  	  p2150_Gln/stop	  F	   	   	  	  	  	  	  	  	  	  5'-­‐cgagctgtacaagtagtttaaatagca-­‐3'	  p2150_Gln/stop	  R	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  5'-­‐ggtgctatttaaactacttgtacagct-­‐3'	  	  
Primer	   pair	   4:	  Oligonucleotides	   for	  Citrine	  correction	  used	   in	  both	  pOPIN	  backbones	  at	  S24N.	  Targeting	   triplet	   at	   the	   Citrine	   sequence	   in	   blue.	   Mutated	   triplet	   at	   the	   primer	   sequences	   is	  indicated	  in	  red.	  	  
Targeting	  citrine	  sequence:	  	  	   	   5'-­‐gctggacggcgacgtaagcggccacaa-­‐3'	  	  primer	  S24N	  F	   	  	  	   	   	   5'-­‐gctggacggcgacgtaaacggccacaa-­‐3'	  primer	  S24N	  R	   	   	   	   5'-­‐ttgtggccgtttacgtcgccgtccagc-­‐3'	  	  
Primer	  pair	  5:	  Oligonucleotides	  for	  Citrine	  correction	  used	  in	  both	  pOPIN	  backbones	  at	  A207K.	  Targeting	   triplet	   at	   the	   Citrine	   sequence	   in	   blue.	   Mutated	   triplet	   at	   the	   primer	   sequences	   is	  indicated	  in	  red.	  	  
Targeting	  citrine	  sequence:	  	   	   5'-­‐tacctgagctaccagtccgccctgagcaaagaccccaac-­‐3'	  	  primer	  A207K-­‐F	  	   	   	   5'-­‐tacctgagctaccagtccaagctgagcaaagaccccaac-­‐3'	  primer	  A207-­‐R	  	  	  	   	   	   5'-­‐gttggggtctttgctcagcttggactggtagctcaggta-­‐3'	  	  	  
Transformation	  	  	  Aliquots	   of	   45	   μl	   XL10-­‐Gold	   (Stratagen)	   or	   SCS-­‐110	   Stratagen)	   chemical-­‐competent	   cells	   were	   thaw	   on	   ice	   and	   mixed	   with	   2	   μl	   β-­‐Mercapto-­‐ethanol	  (SERVA	  Electrophoresis	  GmbH).	  The	  mixture	  was	   incubated	   for	  10	  min	  on	   ice.	  After	   incubation,	   2	   μl	   DpnI	   digested	   PCR	   product	   was	   added	   and	   cells	   were	  incubated	   for	   30	   min	   on	   ice.	   Cells	   were	   heat-­‐shocked	   at	   42°C	   for	   30	   sec	   and	  placed	  back	  on	  ice	  for	  2	  min.	  500	  µl	  SOC	  medium	  was	  added	  cells	  were	  incubate	  for	  1	  hr	  under	  moving	  at	  37°C.	  Cells	  were	  shortly	  centrifuged	  down	  and	  most	  of	  the	   medium	   removed.	   Cells	   were	   resuspended	   in	   the	   remaining	   medium	   and	  plated	  on	  an	  agarose/LB	  plate	  containing	  Ampicillin.	  Plates	  were	  incubated	  over	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night	  at	  37°C.	  On	  the	  next	  day,	  single	  colonies	  were	  selected	  and	  incubated	  in	  5	  ml	   LB	   containing	   100	   μg/ml	   Amp.	   Single	   clone	   cultures	   were	   incubated	   over	  night	  at	  37	  °C	  under	  moving.	  	  	  
Mini-­‐plasmid	  purification	  Plasmid	   purification	   was	   established	   by	   using	   Qiagen	   plasmid	   purification	   kit	  (QIAprep®	  Spin	  Miniprep	  kit)	  by	  following	  the	  manufactures	  protocol.	  Selected	  single	  clones	  of	  bacteria	  cells	  after	  transformation	  were	  cultured	  in	  5ml	  LB	  or	  TB	  containing	  the	  appropriate	  antibiotic	  for	  selection	  (Kanamycin	  50	  µg/ml	  (GERBU	  Biotechnik	   GmbH)	   or	   Ampicillin	   100	   µg/ml	   (SERVA	   Electrophoresis	   GmbH)).	  Bacteria	  cultures	  were	  pelleted	  at	  4200	  rpm	  at	  4	  °C	  and	  10	  min.	  Each	  pellet	  was	  resuspend	  in	  250	  µl	  P1	  buffer.	  Next,	  250	  µl	  P2	  buffer	  was	  added	  and	  the	  culture	  was	   inverted	   for	   six	   times.	   Afterwards,	   350	   µl	   N3	   buffer	   was	   added	   and	   the	  sample	  was	   inverted	   six	   times	   again.	  The	   lysate	  was	   centrifuged	   for	  10	  min	   at	  13.000	  rpm	  and	  the	  supernatant	  was	  transferred	  into	  a	  QIAprep®	  Spin	  column	  (Qiagen)with	   collection	   tube.	   The	   column	   was	   centrifuged	   (always	   the	   same	  speed	   like	   before)	   for	   1	  min	   and	   the	   flow	   through	   discarded.	   The	   column	  was	  washed	  with	  500	  µl	   PB	  buffer	   followed	  by	  1	  min	   centrifugation	   and	   than	  with	  750	  µl	  PE	  buffer	  followed	  1	  min	  centrifugation.	  The	  column	  was	  placed	  in	  a	  new	  tube	   and	   the	   plasmid	   DNA	   was	   eluted	   by	   adding	   50	   μl	   EB	   buffer	   and	  centrifugation.	  The	  plasmid	  concentration	  was	  measured	  by	  Nano-­‐drop	  system	  (Peqlab	  Biotechnologie	  GmbH).	  	  	  
Sequencing	  PCR	  	  Plasmid	  DNA	  was	  sequenced	  by	  terminator	  nucleotide	  PCR	  BigDye®	  Terminator	  v3.1	  Cycle	  Sequencing	  kit	  (Life	  Technologies).	  Each	  PCR	  contains	  300	  ng	  plasmid	  DNA,	  10	  µM	  oligonucleotides,	  4	  µl	  reaction	  mix,	  big	  dye	  2	  µl	  big	  dye	  buffer	  and	  was	  filled	  up	  to	  a	  total	  volume	  of	  20	  µl	  with	  H2O.	  The	  PCR	  was	  established	  on	  a	  PCR	  cycler	  (Eppendorf)	  by	  using	  the	  following	  protocol:	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(1)	   96	  °C	  	  	  	  	  	  1	  min	  	  (2)	  	   96°C	   10	  sec 	   	   	  (3)	  	   50	  °C	  	  	  	  	  	   5	  sec	   32x	  (4)	  	   60°C	  	  	  	  	  	  	  	   4	  min	  	  (5)	  	   go	  to	  step	  (2)	  	  (6)	  	   end/hold	  4°C	  	  After	  the	  PCR,	  remaining	  terminator	  nucleotides	  were	  removed	  by	  DyeEX®	  2.0	  Spin	  kit	  (Qiagen)	  by	  following	  the	  manufactures	  protocol.	  The	  purified	  PCR	  was	  lyophilized	   by	   vacuum	   centrifugation	   and	   given	   to	   the	   in-­‐house	   sequencing	  facility.	  	  
Primer	  6:	  Sequencing	  primer	  aligning	  in	  the	  GFP/Citrine	  sequence.	  	  	  GFP	  133	  F	  	   	   	   5'-­‐ctgaagttcatctgcaccac-­‐3'	  GFP	  393	  R	  	   	   5'-­‐gaagtcgatgcccttcagctc-­‐3'	  GFP	  378	  F	  	  	  	   	   	   5'-­‐gagctgaagggcatcgacttc-­‐3'	  	  	  
Sub-­‐cloning	  -­‐	  digestion	  and	  gel	  extraction	  	  After	   successful	  mutagenesis	  or	  blunt-­‐end	  PCR,	  modified	  pOPIN	  plasmids	  were	  digested	   as	   indicated	   above	   and	   re-­‐ligated	   with	   its	   original	   appropriate	  backbone.	  For	  each	  digestion	  the	  following	  protocol	  was	  used:	  2	  µl	  plasmid	  DNA,	  1	  µl	  enzyme	  A,	  1	  µl	  enzyme	  B,	  2	  µl	  10x	  buffer	  and	  2	  µl	  10x	  BSA	  as	  recommended	  from	  the	  manufactures	  protocol	  (New	  England	  Bioscience).	  The	  reaction	  mix	  was	  filled	  up	  to	  20	  µl	  with	  H20	  and	  incubated	  for	  1	  hr	  at	  37°C.	  Digested	  inserts	  and	  backbones	   were	   separated	   from	   each	   other	   by	   gel	   electrophoreses	   and	   were	  extracted	   with	   a	   scalpel	   from	   gel.	   The	   digestion	   products	   were	   purified	   by	  Zymoclean	  Gel	  DNA	  recovery	  kit	  (Zymoresearch).	  3	  volumes	  of	  ADB	  buffer	  was	  added	   to	   every	   100	  mg	   extracted	   gel	   and	   incubated	   for	   10	  min	   at	   50°C.	   After	  dissolving	   the	   agarose,	   the	   solution	  was	   transferred	   into	   a	   zymo-­‐spin1	   column	  with	  collection	  tube,	  centrifuged	   for	  30	  sec	  at	  10.000	  rpm,	  and	  the	   flow-­‐trough	  was	  discarded.	  The	  column	  was	  washed	   two	   times	  with	  200	  μl	  wash	  buffer	  by	  centrifugation	  (always	  with	  same	  time	  and	  speed).	  Afterwards,	  DNA	  was	  eluted	  by	  adding	  10	  μl	  TE	  buffer	  to	  the	  column	  followed	  by	  centrifugation.	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Ligation	  Digested	   inserts/backbones	   of	   interest	   were	   extracted	   from	   agerose	   gel	   and	  purified.	  For	  ligation,	  an	  estimated	  ratio	  of	  1:5,	  backbone	  to	  insert	  was	  combined.	  The	  reaction	  was	  performed	  with	  1	  μl	  Quickligase	  (New	  England	  Biolabs),	  10	  μl	  2x	  buffer	  in	  a	  total	  volume	  of	  20	  μl.	  The	  ligation	  mix	  was	  incubated	  for	  10	  min	  at	  RT.	   The	   complete	   ligation	  mix	  was	   transformed	   into	   chemical	   competent	   cells	  and	  single	  colonies	  were	  used	  for	  plasmid	  purification	  and	  sequencing.	  	  	  
Midi	  plasmid	  purification	  	  Selected	  single	  clones	  of	  bacteria	  cells	  after	  transformation	  were	  cultured	  in	  100-­‐300	  ml	  LB	  or	  TB	  containing	  the	  appropriate	  antibiotic	  for	  selection	  (Kanamycin	  50	  µg/ml	  or	  Ampicillin	  100	  µg/ml).	  Bacteria	  cultures	  were	  pelleted	  at	  4500	  rpm	  at	  4	  °C	  and	  20	  min	  and	  used	  for	  high-­‐	  or	  low-­‐copy	  plasmid	  purification	  with	  the	  Nucleo-­‐Bond®	   Xtra	   Midi	   Plus	   EF®	   kit	   +	   Nucleo-­‐Bound®	   Finalizer	   (Machery-­‐Nagel)	   by	   following	   the	   manufactures	   protocol.	   The	   concentration	   of	   purified	  plasmid	   DNA	   was	   measured	   with	   a	   Nanodrop	   (Peqlab	   Biotechnologie	   GmbH)	  system.	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3.2	  	   Cell	  culture	  techniques	  	   	  	  
3.2.1	  	   Human	  cell	  lines	  	  HeLa,	   MCF7	   (ATCC),	   MCF7-­‐EGFR-­‐GFP	   (stable	   expressing	   EGFR-­‐GFP,	   provided	  from	  EMBO	  Heidelberg,	   Germany)	   and	  A431D	   (kindly	   provided	   by	   Prof.	   Alpha	  Yap,	   Institute	   for	   Molecular	   Bioscience,	   University	   of	   Queensland,	   Australia)	  were	   cultured	   in	   DMEM	   (PAN	   Biotech	   GmbH)	   supplemented	   with	   10	  %	   heat-­‐inactivated	  fetal	  calf	  serum	  (FCS)	  (Invitrogen),	  2	  mM	  L-­‐glutamine	  (PAN	  Biotech	  GmbH),	  non-­‐essential	  amino	  acids	  (PAN	  Biotech	  GmbH)	  and	  100	  U/ml	  penicillin	  and	  100	  μg/ml	  streptomycin	  (Gibco)	  and	  37	  °C	  and	  5	  %	  CO2	  growing	  conditions.	  Cells	  were	  grown	   in	  75	   cm2	   culture	   flasks	   (BD	  Falcon).	  For	   seeding,	   cells	  were	  washed	  with	   DPBS	   (PAN	   Biotech	   GmbH)	   and	   treated	   for	   5	  min	   at	   37	   °C	   with	  Trypsin	   (PAN	  Biotech	  GmbH).	  Cell	   solutions	  were	   counted	  using	  a	   cell	   counter	  system	  (Beckman	  Coulter,	  Vi-­‐Cell-­‐XR).	  
	  
	  
3.2.2	  	   Liquid	  phase	  transient	  transfection	  of	  plasmid	  cDNA	  	  For	   microscopy,	   MCF7	   cells	   were	   seeded	   in	   8	   well	   chambers	   (Nalge	   Nunc	  International)	  (25.000/well)	  and	  incubated	  for	  24	  hours.	  Transfection	  mixtures	  per	  well	   containing	  25	  ul	  DMEM,	  0.75	  µl	  FuGENE®	  (Promega)	  were	   incubated	  for	  5	  min.	  Total	  amount	  of	  0.25	  µg	  plasmid	  was	  added,	  mixed	  and	  incubated	  for	  20	  min.	  For	  co-­‐transfections	  with	  two	  plasmids,	  0.125	  µg	  per	  plasmid	  was	  used.	  During	  incubation	  fresh	  serum	  containing	  DMEM	  was	  supplied	  to	  the	  cell	  and	  the	  transfection	  mix	  was	  added.	  Cells	  were	  incubated	  for	  24	  hours.	  For	  western	  blot	  lysates,	   MCF7	   or	   HeLa	   cells	   were	   seeded	   in	   6	   well	   plates	   (Nalge	   Nunc	  International)	   (250.000/well).	   In	   this	   case,	   transfection-­‐mixtures	   for	   each	  well	  contained	  80	  µl	  DMEM,	  4	  µl	  FuGENE®	  and	  1.6	  µg	  plasmid	  cDNA.	  	  	  	  
Experimental	  procedure	  
	   	   	  	  68	  
3.2.3	  	   Liquid	  phase	  transfection	  of	  siRNA	  
	  For	  western	  blot	   lysates,	  MCF7	  cells	  were	   seeded	   in	  6	  well	  plates	   (Nalge	  Nunc	  International)	  (250.000/well)	  and	  transfected	  with	  50	  or	  100	  nM	  siRNA	  smart-­‐pools®	   (Dharmacon)	   using	   HiPerFect	   (Qiagen)	   or	   DharmaFECT	   (Thermo	  Scientific)	   following	  the	  manufacturer	   instructions.	  Cells	  were	   incubated	   for	  48	  hours	  to	  allow	  protein	  down-­‐modulation.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Experimental	  procedure	  
	   	   	  	   69	  
3.3	  	   Biochemistry	  techniques	  
	  
	  
3.3.1	  	   SDS-­‐PAGE	  and	  western	  blot	  
	  Dependent	  on	  the	  experiment,	  cDNA	  or	  siRNA	  transfected	  cells	  growing	  in	  6	  well	  plates	  were	  starved	  for	  6	  hours	  (DMEM	  0	  %	  FCS)	  and	  stimulated	  with	  EGF	  or	  as	  indicated	  in	  every	  experiment.	  Cells	  were	  lysed	  by	  30	  min	  incubation	  in	  ice	  cold	  RIPA-­‐buffer:	  20	  mM	  Tris-­‐HCl	  (J.T.Baker),	  pH	  7.5,	  150	  mM	  NaCl	  (Fluka	  Analytical),	  5	  mM	  EGTA	  (Sigma-­‐Adrich),	  5	  mM	  EDTA	  (Fluka	  Analytical),	  1	  %	  IGEPAL	  CA-­‐630	  (Sigma-­‐Aldrich),	   1	   %	   Sodium	   deoxycholate	   (Sigma-­‐Alrich),	   2.5	   mM	   Na-­‐pyrophosphate	   (Sigma-­‐Aldrich),	   1	  mM	   beta-­‐Glycerophosphate	   (Sigma-­‐Aldrich),	  EDTA	  free	  protease	  inhibitor	  tap	  (Roche),	  0.01	  %	  Phosphatase	  inhibitor	  cocktail	  2	  and	  3	  (Sigma-­‐Aldrich),	  0.1%	  SDS	  (SERVA	  Electrophoresis	  GmbH)	  and	  10	  mM	  PMSF	  (in	  isopropanol)	  (Sigma-­‐Aldrich).	  After	  centrifugation	  with	  20.000	  xg	  and	  4°C	  for	  30	  min	  to	  remove	  the	  non-­‐soluble	  fraction,	  protein	  concentrations	  were	  measured	   by	   Bradford	   assay	   (Sigma-­‐Aldrich).	   Protein	   samples	   were	  supplemented	  with	  2x	  Laemmli	  buffer:	  4	  %	  SDS	  (SERVA	  Electrophoresis	  GmbH),	  10	  %	  β-­‐Mercapto-­‐ethanol	  (SERVA	  Electrophoresis	  GmbH),	  20%	  Glycerol	  (GERBU	  Biotechnik	  GmbH),	  0.004%	  Bromophenolblue	  (Sigma-­‐Aldrich),	  0.125	  M	  Tris	  HCl	  (J.T.	   Baker),	   pH	  6.8)	   and	   loaded	   on	   a	   7.5	  %	   SDS-­‐PAGE.	   Gel	   chamber	  was	   filled	  with	  running	  buffer:	  25	  mM	  Tris	  base	  (Carl	  Roth	  GmbH),	  190	  mM	  Glycine,	  0.1%	  SDS,	   8.3	   pH).	   Proteins	   were	   transferred	   to	   a	   PVDF	   membrane	   (Millipore)	   by	  using	   a	   semi-­‐dry	   blotting	   system	   (Bio	   Rad).	   Membranes	   were	   probed	   with	  primary	   antibodies	   specific	   for	  GFP	   (Rockland),	   phosphotyrosines	   (pY)	   (invivo	  bioscience),	   PTPD1	   (Stratagen	   #B50270),	   PTP1B	   (Calbiochem,	   FG6-­‐1G),	   LAR	  (R&DSystems	   #AF3004),	   SHP2	   (Cell	   Signaling	   #2752),	   GAPDH	   (Cell	   Signaling	  #2118)	   and	   alpha-­‐Tubulin	   (Cell	   Signaling	   #2144),	   as	   indicated	   in	   every	  experiment.	   Fluorescent	   IRDye	   800	   and	   IRDye	   680	   conjugated	   secondary	  antibodies	  (LICOR	  Biosciences,	  USA)	  were	  used	  for	  detection.	  Membranes	  were	  scanned	  with	  an	  Odyssey	   Infrared	   Imager	   (LICOR	  Biosciences).	   Images	  of	  both	  channels	   were	   used	   for	   quantification	   with	   ImageJ	   software	   (Wayne	   Rasband,	  National	  Institutes	  of	  Health,	  USA).	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3.4.	   Immunofluorescence	  	  Antibody	   accessibility	   in	   fixed	   cells	   was	   tested	   by	   immunofluorescence	   (IF)	  microscopy.	   MCF7	   cells	   were	   transfected	   with	   EGFR-­‐mCitrine	   (subsection	  











	   	   	  	  72	  
3.5	  	   Cell	  array	  (CA)	  production	  	  
	  
3.5.1	   Functionalization	  of	  chambered	  cover	  glasses	  	  LabTek	  chambered	  cover	  glasses	  (Nalge	  Nunc	   International)	  were	   treated	  with	  1M	  NaOH	  (J.T.	  Baker)	  for	  15	  min	  and	  washed	  three	  times	  with	  H2O	  afterwards.	  	  	  
	  
3.5.2	   Preparation	  of	  transfection	  mix	  plate	  	  The	   array	   production	   was	   based	   on	   the	   work	   of	   (Erfle	   et	   al.,	   2007).	   The	  production	   of	   transfection	   mixtures	   were	   handled	   using	   an	   automated	  MICROLAB	   STAR	  Line	   robot	   system	   (Hamilton	  Robotics	   GmbH).	   For	   each	   spot	  mixture	  assembled	  on	  a	  384	  well	  plate,	  3	  μl	  Sucrose/OptiMEM	  (Sigma-­‐Aldrich	  /	  GIBCO)	  was	  mixed	  with	  3.5	  μl	  Lipofectamine	  2000	  (Invitrogen).	  For	  cDNA	  arrays,	  we	  used	  1	  µg	  plasmid	  cDNA	  per	  spot	  mixture	  for	  single	  reverse	  transfections	  or	  2x	  0.5	  µg	   for	  co-­‐transfections	  with	  two	  plasmids.	  1	  µg	  plasmid	  cDNA	  was	   filled	  up	  with	  H2O	  to	  reach	  a	  5	  µl	  total	  volume	  (0.20	  µg/µl)	  and	  used	  for	  a	  spot	  mixture.	  For	  siRNA	  arrays,	   lyophilized	  siRNA	  (4nmol)	  were	  solved	   in	  200	  μl	   siRNA	  (1x)	  buffer	   (Thermo	   Scientific)	   to	   generate	   a	   20	   μM	   concentration.	   For	   each	   spot	  mixture,	  we	  used	  2.5	  µM	  siRNA	  in	  5	  µl	  volume.	  The	  5	  µl	  siRNA/cDNA	  solutions	  were	  mixed	  with	  the	  Sucrose/Lipofectamine	  on	  the	  384	  well	  plate	  and	  incubated	  for	   20	  min.	   7.25	   μl	   of	   0.2	  %	  Gelantin/H2O	   (Sigma-­‐Aldrich)	   supplemented	  with	  0.01	   %	   bovine	   fibronectin	   (Sigma-­‐Aldrich)	   was	   added	   to	   each	   well	   after	  incubation.	   On	   cDNA	   spots	   we	   have	   used	   a	   final	   concentration	   of	   0.05	   %	  fibronectin	  what	  had	  increased	  the	  reverse	  transfection	  efficiency.	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3.5.3	   Contact	  spotting	  routine	  	  Contact	   spotting	  was	  performed	  with	  a	  QArray2	   robot	   (Genetix).	  The	  384	  well	  source	   plate	   and	   functionalized	   LabTek	   chambers	   were	   placed	   on	   the	   spotter	  table	   and	   immobilized	   by	   the	   vacuum	   system.	   The	   humidity	   and	   temperature	  was	  set	   to	  60	  %	  and	  20	  °C	  during	   the	  spotting	  performance,	  respectively.	  Four	  solid	  microarray	  steel	  pins	  with	  a	  tip	  diameter	  of	  500	  μm	  (Array-­‐it	  corporation)	  were	   placed	   in	   horizontal	   position	   in	   the	   spotter	   head	   (front	   row,	   first	   four	  positions	   from	   left)	   (Figure	   3.3	   a).	   The	   source	   order	  was	   set	   to	   columns.	   The	  slide	  design	  was	  set	   to	  print	  grids	  of	  32	  rows	  and	  12	  columns	  with	  a	  1125	  μm	  square	  unit	  cell	  (distance	  between	  the	  center	  of	  neighboring	  spots).	  This	  yields	  384	  samples	  per	  LabTek	  chamber.	  Number	  of	  stamps	  per	  ink	  and	  spot	  was	  set	  to	  3.	  The	  inking	  time	  (time	  that	  the	  pins	  stays	  in	  the	  384	  well	  plate)	  and	  the	  stamp	  time	  (time	  that	  the	  pin	  is	  in	  contact	  with	  the	  glass	  of	  the	  LabTek	  chamber)	  was	  set	  to	  110	  ms.	  The	  print	  depth	  was	  set	  to	  180	  μm.	  	  The	  multi-­‐stamp	  timing	  was	  adjusted	  to	  immediate	  (the	  stamps	  will	  be	  done	  consecutively).	  After	  every	  spot	  stamping	  a	  washing	  step	  with	  the	  following	  protocol	  was	  performed:	  Wash	  3	  sec.	  with	  H2O,	  wash	  3	  sec.	  with	  EtOH,	  wash	  1	  sec.	  with	  H2O	  and	  dry	  5	  sec.	  by	  air	  flow.	  A	   csv	   sheet	  was	   prepared	   containing	   all	   positions	   of	  wells	   on	   the	   source	   plate	  and	  name	  of	   the	  siRNA/cDNA	  samples	  that	  each	  of	   them	  contains.	  The	   file	  was	  imported	   into	   the	  QSoft	  Data	  Tracking	  software	   (Qaray2	  system)	   to	  generate	  a	  galfile	  that	  was	  used	  for	  the	  automated	  microscopy	  system.	  The	  routine	  was	  set	  to	  “normal	  run”	  to	  print	  the	  array	  by	  using	  all	  wells	  of	  the	  384	  well	  source	  plate.	  	  	  
3.5.4	   Spotting	  of	  reference	  points	  	  After	   finishing	   the	   384	   spot	   routine,	   6	   ink	   spots	   were	   spotted	   on	   top	   of	   the	  generated	   array.	   These	   ink	   spots	   are	   used	   later	   as	   given	   coordinates	   of	   the	  distinct	  array	  grid	  to	  define	  the	  positions	  of	  all	  other	  spots	  on	  the	  array.	  	  To	  keep	  the	  same	  array	  grid,	  the	  vacuum	  system	  to	  immobilize	  array	  chambers	  was	  not	  interrupted	   when	   changing	   to	   the	   ink	   spotting	   routine.	   Approx.	   15	   µl	   super-­‐	  stay24color®	  #450	  fire	  garnet	  (Maybelline	  New	  York)	  was	  placed	  on	  position	  A1	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on	  a	  new	  source	  384	  well	  plate.	  We	  found	  out	  that	  this	  trademark	  was	  not	  toxic	  to	   cells	   when	   present	   on	   array	   surfaces	   and	   was	   highly	   water-­‐proof,	   thereby	  providing	  optimal	  conditions.	  The	  four	  500	  μm	  diameter	  pins	  were	  removed	  and	  one	   300	   μm	   diameter	   pin	   was	   placed	   on	   the	   robot	   head	   (front	   row,	   fourth	  position	   from	   left).	   The	   slide	   design	  was	   set	   to	   print	   grids	   of	   32	   rows	   and	   12	  columns	  like	  described	  previously,	  but	  only	  the	  first	  position	  of	  every	  4x4	  block	  was	  set	  for	  spotting.	  The	  routine	  was	  set	  to	  “test	  run”	  what	  means	  that	  the	  inking	  position	  on	  the	  source	  384	  well	  plate	  is	  always	  A1.	  By	  spotting	  with	  one	  pin,	  six	  distinct	  ink	  spots	  on	  array	  position	  1A,	  5A,	  9A,	  13A,	  17A	  and	  21A	  were	  printed.	  Number	  of	  stamps	  per	   ink	  and	  spot	  was	  changed	  to	  1.	  The	   inking	  time	  and	  the	  stamp	  time	  was	  set	  to	  10	  ms.	  The	  washing	  step	  was	  inactivated	  and	  the	  pin	  was	  cleaned	  with	   acetone	   by	   hand	   after	   every	   eighth	   arrays.	   After	   spotting,	   arrays	  were	  dried	  for	  12	  hours	  (or	  stored	  longer)	  in	  a	  box	  containing	  silica	  Gel	  Orange	  pearls	  (Carl	  Roth	  GmbH).	  Reference	  spot	  are	  shown	  in	  (Figure	  3.3	  a).	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3.6	  	   Probing	  and	  optimization	  of	  CA	  accuracy	  	   	   	  
	  	  
3.6.1	   CA	  design	  	  Transfection	  mixtures	  containing	  mCherry	  (pmCherry-­‐N1,	  Clontech)	  or	  mCitrine	  (pmCitrine-­‐N1,	   A206K	   version	   of	   Citrine	   (Griesbeck	   et	   al.,	   2001)	   expression	  plasmids	   were	   prepared	   following	   the	   protocols	   previously	   described	  
(subsection	   3.5.2),	   and	   arranged	   in	   a	   low	   volume	   384	   well	   source	   plate	   to	  generate	   a	   chequered	   pattern	   on	   the	   spotted	   CA.	   Arrays	   containing	   4	   spotted	  areas	  (Figure	  4.1	  in	  Results)	  of	  4	  rows	  and	  12	  columns	  with	  1125	  μm	  distance	  between	  centers	  of	  every	   two	  neighboring	  spots,	  and	  2	  empty	  unspotted	  areas	  were	   developed.	   Corner	   spots	   were	   labeled	   with	   a	   permanent	   marker	   for	  teaching	  their	  position	  to	  the	  microscope.	  
	  
	  
3.6.2	   Automated	  fluorescence	  microscopy	  to	  determine	  CA	  accuracy	  	  After	  24	  or	  48	  hours	  incubation,	  cells	  were	  fixed	  in	  4	  %	  paraformaldehyde/PBS	  (Sigma-­‐Aldrich)	   and	  washed	  with	  TBS	   (Tris.HCl	  20	  mM,	  NaCl	  150	  mM,	  pH	  7.5,	  J.T.Baker	   /	   Fluka	   Analytical).	   Cell	   nuclei	   were	   stained	  with	   0.5	   ng/ml	   Hoechst	  (Sigma-­‐Aldrich)	   in	   PBS	   after	   permeabilization	   with	   0.1	   %	   Triton-­‐X-­‐100/TBS	  (SERVA	   Electrophoresis	   GmbH).	   All	   arrays	  were	   automatically	   imaged	   using	   a	  fully	  motorized	  microscope	  (IX81,	  Olympus)	  with	  custom	  software	  (Grecco	  et	  al.,	  2010).	  Briefly,	   the	  microscope	  moved	  sequentially	   from	  spot	   to	   spot,	   following	  the	   predefined	   pattern	   printed	   by	   the	   spotter	   robot.	   A	   teaching	   step	   in	  which	  three	   spots	   are	   found	   in	   the	   microscope	   was	   performed	   before	   imaging	   to	  correlate	  the	  coordinate	  system	  of	  the	  robot	  and	  the	  microscope.	  At	  each	  spot	  on	  the	   array,	   Hoechst	   nuclear-­‐staining	  was	   used	   for	   auto-­‐focusing,	   and	   images	   of	  Hoechst,	   mCitrine	   and	   mCherry	   channels	   were	   acquired	   and	   saved	  asynchronously.	  Filter	  sets	  for	  mCherry	  (U-­‐MRFPHQ,	  Olympus),	  for	  mCitrine	  (U-­‐MYFPHQ,	  Olympus)	  and	  for	  Hoechst	  (U-­‐MNUA2,	  Olympus)	  were	  used.	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3.6.3	   Image	  processing	  to	  determine	  CA	  accuracy	  	  Image	   processing	   and	   quantitative	   analysis	   was	   carried	   out	   using	   CellProfiler	  software	  (Kamentsky	  et	  al.,	  2011).	  The	  threshold	  for	  mCitrine	  was	  calculated	  by	  a	   two	   class	   Otsu-­‐Global	   method.	   Threshold	   values	   of	   24	   images	   of	   mCitrine	  cDNA-­‐containing	  spots	  were	  calculated	  according	  to	  this	  method.	  The	  average	  of	  resulting	  thresholds	  was	  subtracted	  by	  its	  standard	  deviation	  and	  applied	  to	  all	  acquired	  images.	  Images	  of	  the	  nuclear	  staining	  (Hoechst)	  were	  used	  to	  identify	  primary	  objects	  (total	  number	  of	  cells)	  by	  applying	  a	  two-­‐class	  Otsu	  per	  Object	  threshold.	  Identified	  objects	  (nuclei)	  were	  used	  to	  identify	  secondary	  objects	  by	  propagation	  in	  the	  mCitrine	  or	  mCherry	  channel.	  In	  this	  way,	  the	  total	  number	  of	  cells,	   the	   number	   of	  mCitrine	   and	  mCherry	   expressing	   cells	  were	   obtained	   for	  each	   spot.	   These	   values	   were	   first	   grouped	   according	   to	   the	   plasmid	   spotted	  (mCitrine,	  mCherry	   or	   untransfected).	   The	  mean	   value	   and	   standard	   deviation	  were	   then	   calculated	   for	   each	   group	  using	  bootstrap	   resampling	   (Efron,	   1981)	  with	   1000	   repetitions	   using	   a	   built-­‐in	   function	   in	   MatLab	   (Mathworks,	   USA).	  Fractional	  values	  were	  obtained	  by	  normalizing	  the	  number	  of	  transfected	  cells	  by	   the	   total	   number	   of	   cells.	   In	   the	   second	   part,	   the	   center	   area	   (672	   by	   512	  pixels)	  of	  each	  image	  (1344	  by	  1024	  pixels)	  was	  cropped	  for	  analysis	  to	  simulate	  a	   higher	   magnification	   of	   20	   x.	   Cropped	   images	   of	   all	   three	   channels	   were	  analyzed	  like	  described	  before.	  
	  
	  
3.6.4	   Live	  cell	  imaging	  on	  chequered	  CA	  	  HeLa,	  MCF7	  and	  A431D	  cells	  were	  seeded	  according	  to	  the	  standard	  procedure,	  without	   applying	   any	  wash	  and	   incubated	   for	  24	  hours	   (HeLa	  and	  MCF7)	  or	  5	  hours	  (A431D).	  Cells	  were	  then	  imaged	  in	  DMEM	  without	  phenol	  red	  containing	  25	  mM	  HEPES	  (PAN	  Biotech	  GmbH)	  and	  10	  %	  FCS	  at	  37	  °C	  and	  5	  %	  CO2.	  Time-­‐lapse	  microscopy	  of	  single	  spots	  was	  performed	  with	  a	  confocal	   laser	  scanning	  microscope	   (FluoView	   1000	   Spectral,	   Olympus).	   A	   transmission	   image	   in	  conjunction	  with	  a	   fluorescence	   image	  of	  mCitrine	  and	  mCherry	  were	  obtained	  every	  30	  minutes	  for	  15	  hours	  (MCF7	  and	  HeLa	  cells)	  and	  7	  hours	  (A431D).	  To	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3.7	   CA-­‐FLIM	  screening	  	  	  
3.7.1	   siRNA-­‐CA	  design	  	  Transfection	   mixtures	   of	   92	   siRNAs	   targeting	   for	   specify	   PTPs	   (OTP	   siARRAY	  smart-­‐pools,	  Dharmacon	  RNA	  Technologies)	  were	  arranged	  on	  a	  384	  well	  plate,	  and	   spotted	   on	   LabTek	   chambered	   cover	   glasses	   following	   the	   protocols	  previously	   described	   (subsection	   3.5.2).	   4	   spot	   replicates	   of	   the	   same	   siRNA	  were	  spotted	  on	  the	  same	  array.	  Up	  to	  32	  array-­‐	  replicates	  were	  spotted	  by	  using	  the	  same	  384	  well	  source	  plate.	  A	  complete	  list	  of	  siRNAs	  sequences	  is	  provided	  in	  Appendix	   6.2.	  Arrays	  were	   seeded	  with	   stable	   transfected	  EGFR-­‐GFP	  MCF7	  cells	  (250.000	  cells/CA)	  and	  incubated	  for	  48	  hours.	  	  	  
	  
3.7.2	   cDNA-­‐CA	  design	  	  Transfection	  mixtures	   of	   55	   cDNA	  plasmids	  were	   arranged	   on	   384	  well	   plates	  and	   spotted	   on	   LabTek	   chambered	   cover	   glasses	   following	   the	   protocols	  previously	   described	   (section	   3.5).	   11	   spot	   replicates	   of	   each	   cDNA	   were	  spotted	  on	  the	  same	  array.	  Up	  to	  32	  array	  replicates	  were	  spotted	  by	  using	  the	  same	   384	   source-­‐plate.	   A	   complete	   list	   of	   the	   fluorescent	   PTPs	   versions	   is	  provided	   in	  Appendix	   6.3.	   300.000	   MCF7	   cells	   were	   seeded	   on	   each	   CA	   and	  incubated	  for	  24	  hours.	  	  	  
	  
3.7.3	   CA	  preparation	  for	  CA-­‐FLIM	  	  Cells	   incubated	   on	   arrays	   were	   starved	   for	   4-­‐6	   hours	   (DMEM,	   0	  %	   FCS	   (PAN	  Biotech	  GmbH)	  and	  stimulated	  with	  100	  or	  200	  ng/ml	  EGF	  (Sigma-­‐Aldrich).	  For	  stimulations	  for	  30	  or	  120	  min,	  the	  EGF	  was	  replaced	  by	  starving	  medium	  after	  the	   first	   5	  min	   of	   incubation.	   After	   stimulation	   for	   indicated	   time	   points,	   cells	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were	  fixed	  with	  4	  %	  PFA/PBS	  and	  washed	  3	  x	  with	  TBS.	  Afterwards	  cells	  were	  permeabilized	  with	  0.1	  %	  Triton-­‐X/PBS	   (SERVA	  Electrophoresis	  GmbH)	   for	  10	  min	  and	  stained	  with	  0.5	  μg/ml	  Hoechst/PBS	  (Sigma-­‐Aldrich).	  Cells	  on	  CA	  were	  covered	  with	  PBS	  during	  imaging.	  
	  
	  
3.7.4	   CA-­‐FLIM	  system	  	  Homodyne	   frequency	   domain	   FLIM	   was	   performed	   on	   a	   fully	   motorized	  fluorescence	   microscope	   (IX-­‐81;	   Olympus).	   We	   use	   an	   argon	   laser	   (Coherent,	  Innova	  305)	   as	   a	   light	   source,	   as	   it	   provides	   enough	  power	   (>	  100	  mW)	   in	   the	  lines	   (457.0	   and	   488.0),	   which	   are	   used	   to	   excite	   commonly	   used	   fluorescent	  proteins	  (TFP,	  GFP,	  and	  mCitrine).	  The	  desired	  excitation	  wavelength	  and	  power	  is	  selected	  with	  an	  acousto-­‐optic	  tunable	  filter	  (AOTF,	  AA,	  AOTFnC-­‐VIS-­‐TN).	  The	  excitation	   was	   always	   modulated	   at	   80	   MHz.	   The	   laser	   is	   coupled	   into	   a	  vibrationally	   isolated	   inverted	  microscope	   (Olympus,	   IX81)	   using	   a	  multimode	  fiber	  (Schäfter	  &	  Kirchhoff	  GmbH,	  #46688-­‐03).	  The	  spatial	  coherence	  of	  the	  laser	  is	  disrupted	  by	  vibrating	   the	   fiber	  using	  a	   rotating	  eccentric	  wheel	   attached	   to	  the	  fiber	  and	  by	  vibrating	  at	  acoustic	  frequencies	  by	  a	  loudspeaker.	  This	  results	  in	   a	   randomly	   moving	   speckle	   pattern,	   which	   averages	   out	   during	   detection.	  Homogeneous	  (Koehler)	  illumination	  at	  the	  sample	  plane	  is	  achieved	  by	  imaging	  the	   fiber	   core	   in	   the	   backfocal	   plane	   of	   the	   objective	   (UPLSAPO-­‐20x	   and	   -­‐40x,	  Olympus).	   The	   fluorescence	   was	   collected	   through	   a	   dichroic	   and	   emission	  filters:	   for	  mTFP	  (DC	  457	  and	  482/25),	   for	  GFP	  (DC	  485	  and	  495-­‐540)	  and	   for	  mCitrine	   (DC	   505	   and	   535/30).	  We	   used	   an	   intensified	   charge-­‐coupled	   device	  (CCD;	  Picostar	  HR12;	  LaVision)	  for	  detection.	  The	  intensifier	  photocathode	  was	  modulated	  at	  the	  same	  frequency	  as	  the	  excitation	  light	  with	  a	  controlled	  phase	  shift.	   The	   raw	   data	   to	   derive	   fluorescence	   lifetime	   maps	   consisted	   of	   a	  background	   image	  and	  12	   images	  at	  different	  phase	  shift	  uniformly	  distributed	  over	  2π	  acquired	  in	  pseudorandom	  order	  (van	  Munster	  and	  Gadella,	  2004).	  The	  electric	  signals	  used	  to	  drive	  the	  AOM	  and	  the	  intensifier	  where	  generated	  using	  two	   synchronized	   signal	   generators	   (PXI	   5404,	   National	   Instruments).	   We	  sequentially	   imaged	   the	   CA	   spots	   by	   moving	   the	   cell	   array	   placed	   on	   the	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computer-­‐controlled	   stage	   (SCAN	   IM	   120	   ×	   100;	   Märzhäuser	   Wetzlar).	   Our	  microscope	  system	  was	  equipped	  with	  a	  4x,	  10x,	  20x	  and	  40x	  objective	  (UPSAPO	  -­‐4X,	   -­‐10X,	   -­‐20X,	   -­‐40X,	   Olympus).	   The	   control	   of	   the	   different	   devices	   in	   the	  screening	  workflow	  was	  done	  using	  software	  written	   in	  LabView	  8.5	   (National	  Instruments).	  	  	  
	  
3.7.5	   System	  calibration	  	  The	   microscopy	   screening	   workflow	   started	   by	   calibrating	   the	   lifetime	  measurement.	  A	  FLIM	  stack	  (Ifoil(i,	  j,	  k)	  of	  a	  scattering	  sample	  (null	  fluorescence	  lifetime)	  in	  the	  sample	  plane	  was	  acquired	  using	  a	  filter	  cube	  with	  a	  20/80	  beam	  splitter	  in	  place	  of	  the	  dichroic.	  A	  periodic	  recalibration	  is	  needed	  to	  account	  for	  the	  drift	  in	  environmental	  and	  alignment	  conditions,	  but	  replacing	  the	  sample	  by	  a	   reflective	   one	   is	   impractical	   in	   screening	   applications.	   A	   more	   convenient	  method	  is	  to	  register	  periodically	  a	  reference	  FLIM	  stack	  of	  a	  mirror	  located	  in	  a	  filter	   cube	   Iref(i,	  j,	  k),	   which	   can	   be	   traced	   to	   the	   sample	   plane	   with	   a	   single	  measurement	  of	  Ifoil(i,	  j,	  k).	  In	  this	  way	  a	  calibration	  phase	  (ϕcal)	  and	  modulation	  (Mcal)	  are	  obtained	  at	  startup	  of	  the	  system	  and	  the	  reference	  values	  ϕref	  and	  Mref	  are	  measured	  periodically	  during	  the	  screening.	  
	  
	  
3.7.6	   Sample	  positioning	  	  	  CA	   covered	   with	   PBS	   were	   placed	   on	   a	   metal	   stage	   holder	   and	   fixed	   with	  superglue.	   As	   a	   first	   step,	   the	   coordinates	   as	   given	   by	   the	   spotter	   have	   to	   be	  transformed	   to	   the	   coordinated	   system	   of	   the	   stage.	   For	   this	   purpose,	   the	  reference	  spots	  are	  imaged	  with	  a	  low	  magnification	  objective	  (4x).	  The	  process	  is	  semi-­‐automated	  as	  such,	  that	  one	  of	  the	  spots	  has	  to	  be	  selected	  manually	  and	  the	   others	   are	   then	   located	   automatically.	   From	   those	   x,y,z	   –	   coordinates,	   the	  	  rotation–translation	   transformation	   from	   the	   spotter	   coordinate	   system	   to	   the	  stage	   coordinate	   system	   was	   then	   calculated	   by	   minimizing	   the	   sum	   of	   the	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distances	  between	   the	   transformed	  reference	  points	   to	   the	  measured	  positions	  on	  the	  stage.	  	  
	  
3.7.7	   Subpositioning	  at	  CA	  spots	  	  In	   our	   cDNA	   screenings	   we	   have	   used	   an	   additional	  method	   to	   guarantee	   the	  optimal	  co-­‐transfected	  position	  inside	  every	  single	  CA	  spot.	  We	  performed	  a	  pre-­‐screen	  with	   a	   low	  magnification	   (10x)	   objective	   to	   acquire	  mTFP	   (-­‐EGFR)	   and	  mCitrine	   (-­‐PTPx)	   fluorescence	   at	   each	   spot.	   Every	   spot	  was	   autofocused	   in	   the	  Hoechst	   channel	   before	   imaging.	   From	   these	   images	  we	   try	   to	   estimate	  which	  region	  of	   interest	   (ROI)	  would	  be	  best	   to	  measure	  with	   a	  higher	  magnification	  objective	  by	  calculating	  a	  score	  for	  each	  possible	  image	  shift.	  The	  score	  biases	  for	  higher	  number	  of	  bright	  pixels	  in	  the	  centre	  of	  the	  ROI.	  The	  optimal	  position	  on	  the	  image	  was	  saved	  and	  translated	  back	  as	  position	  on	  the	  microscope	  stage.	  By	  correcting	  every	  spot	   in	   this	  way	  a	  new	  individual	  positioning	   for	  all	  384	  spot-­‐positions	  of	  the	  array	  was	  generated.	  These	  corrected	  positions	  were	  then	  used	  for	  the	  following	  FLIM-­‐screen	  with	  a	  40x	  objective.	  	  	  
	  
3.7.8	   Automated	  acquiring	  at	  every	  CA	  spot	  	  After	  CA	  positioning,	  every	  spot	  was	  acquired	  by	  moving	  the	  stage	  in	  meandered	  order	  from	  spot	  to	  spot.	  At	  every	  spot,	  the	  Hoechst	  staining	  was	  used	  to	  focus	  the	  sample	  plane.	  (The	  autofocussing	  takes	  a	  number	  of	  images	  in	  different	  z-­‐planes	  and	  calculates	   the	   sharpness	  of	  each	   image	  by	  evaluating	   the	  higher	   frequency	  content.	  The	  z-­‐coordinates	  of	  the	  image	  with	  the	  highest	  sharpness	  is	  selected	  as	  the	  sample	  plane.	  Fluorescent	  images	  of	  Hoechst,	  mTFP,	  GFP	  and	  mCitrine	  were	  taken	  before	  acquiring	  the	  FLIM-­‐stack.	  FLIM-­‐stacks	  were	  taken	  first	  without	  the	  antibody	  in	  order	  to	  have	  a	  robust	  in	  situ	  measurement	  of	  the	  variance	  of	  donor	  lifetime.	  After	  all	  the	  spots	  in	  the	  chamber	  had	  been	  acquired,	  the	  PBS	  on	  all	  CA	  was	  removed	  carefully	  and	  the	  FRET	  acceptor	  was	  added.	  The	  conjugated	  anti-­‐pY-­‐Cy3	  (or	  Cy3.5)	  was	  added	  in	  a	  concentration	  of	  30	  µg/ml	  diluted	  in	  PBS.	  The	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Figure	  3.3	  CA-­‐FLIM	  visual	  workflow.	  (a)	  Arrays	  are	  spotted	  on	  LabTek	  chambered	  cover	  glasses	  by	  a	  QArray2	  	  (Genetix)	  contact	  spotter	  robot.	  siRNA	  or	  cDNA	  spotting	  material	  was	  prepared	  in	  low	   volume	   384	   well	   plates	   indicated	   as	   source	   plate.	   Arrays	   in	   a	   pattern	   of	   384	   spots	   were	  generated	  by	  4	  solid	  pins	  with	  a	  500	  mm	  head	  diameter	  (ArrayIt).	  6	  distinct	  reference	  spots	  are	  spotted	   within	   the	   384	   spot	   pattern.	   (b)	   Cells	   were	   seeded	   on	   CA	   and	   incubated	   for	   reverse	  transfection.	   An	   image	   of	   reverse	   transfected	   cells	   on	   a	   mCitrine	   plasmid	   containing	   spot	   is	  depicted.	   Cells	   were	   starved,	   stimulated	   with	   EGF	   and	   fixed.	   Fixed	   cells	   were	   stained	   with	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Hoechst	  and	  used	   for	  microscopy.	   (c)	  CA	  was	  positioned	   in	  x/y	  by	  using	   the	  6	  reference	  spots.	  Fluorescence	   images	   with	   a	   10x	   objective	   were	   taken	   in	   a	   first	   imaging-­‐round	   and	   used	   to	  calculate	  the	  optimal	  sub-­‐position	  of	  each	  spot.	  The	  sub-­‐position	  was	  used	  for	  the	  FLIM	  imaging-­‐round	   in	   absences	   of	   the	   acceptor.	   The	   acceptor,	   pY72-­‐Cy3.5	   was	   added	   to	   the	   CA	   at	   the	  microscopy	   stage	   and	   incubated	   for	   4	   hours.	   The	   FLIM	   imaging	   at	   each	   spot	   sub-­‐position	  was	  repeated	  to	  generate	  data	  in	  presence	  of	  the	  acceptor.	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3.9	  	   Data	  analysis	  	  	  
	  
3.9.1	   Analysis	  of	  frequency	  domain	  FLIM	  data	  	  For	  all	  acquired	  FLIM	  stacks	  (sample	  or	  reference),	  we	  calculated	  the	  maximum	  projection	   intensity	   image	   and	   segment	   it	   into	   foreground	   and	   background	   by	  using	  a	  manual	   threshold	  (300-­‐4000).	  Saturated	  pixels	  were	  excluded	  from	  the	  stack.	  After	  masking,	   the	  mean	   intensity	  of	   the	  background	   image	   taken	  before	  every	  phase-­‐stack	  was	  calculated	  and	  subtracted	  from	  every	  image	  of	  the	  phase-­‐stack.	   Intensity	   (amplitude	  values)	   of	   every	  pixel	   series	   (I1-­‐12),	  which	  were	  not	  excluded	  by	  masking	  were	  used	  to	  calculate	  the	  phase	  and	  the	  modulation	  of	  the	  excitation	  wave.	  We	   calculated	   for	   each	   pixel	   (i,	  j)	   the	  mean	   value	   (DC)	   of	   the	  FLIM	   stack	   and	   the	   real	   (ℝe!)	   and	   imaginary	   part	   (!"#)	   of	   the	   Fourier	  coefficients	  R	  using	  single	  value	  decomposition	  to	  fit:	  
	  
	  ! !, !, ! =   DC !, ! +   ℝe! !, ! !"# !!!!!"#!!!"#!!"#!!"# + !"#(!, !) !"#(!!!!!"#!!!"#)!!"#!!"# 	  	  	  	  	  	  	  	  	  	  	  	  	  (14)	  
	  where	   k	   is	   the	   image	   series,	  !! 	  the	   phase	   of	   the	   sample,	  !!"#	  the	   phase	   of	   the	  reverence,	  !!"# 	  the	   phase	   of	   the	   calibration	  mirror,	  !!"#	  the	  modulation	   of	   the	  reference	  and	  !!"# 	  the	  modulation	  of	  the	  calibration	  mirror	  
	  Finally	   we	   calculate	   the	   apparent	   frequency-­‐dependent	   fluorescence	   lifetime	  images	   (phase	   and	   modulation	   liftime),	   analogue	   to	   equation	   (8)	   and	   (9)	   as	  described	  in	  section	  1.5.2.	  	   !!(!, !) =    !! !!!(!,!)ℝ!!(!,!)	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  (15)	  	   !! !, ! =    !! !ℝ!!(!,!)!!!!!(!,!)! − 1	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  (16)	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3.9.3	   Single	  cell	  segmentation	  	  	  In	  cDNA	  CA-­‐FLIM	  screenings,	  fluorescent	  images	  of	  EGFR-­‐mTPF,	  PTPx-­‐mCitrine	  were	   acquired	   beside	   the	   FLIM-­‐stacks.	   We	   used	   Cell	   Profiler	   software	  (Kamentsky	   et	   al.,	   2011)	   for	   single	   cell	   segmentation	   to	   obtain	   average	  intensities	  per	  cell	  from	  the	  fluorescent	  channels	  of	  TFP	  and	  mCitrine.	  We	  used	  Otsu	   Global	   thresholding	   to	   identify	   PTPx-­‐mCitrine	   expressing	   cells	   (primary	  mCitrine	   Objects).	   The	   primary	   mCitrine	   objects	   were	   used	   together	   wit	   the	  EGFR-­‐mTFP	   image	   to	   find	   mCitrine/mTFP	   co-­‐transfected	   cells	   (secondary	  objects)	  with	  an	  Otsu	  per	  object	  threshold	  method.	  The	  intensity	  value	  of	  EGFR-­‐mTFP	  was	  used	  to	  distinguish	  between	  clumpy	  objects.	  The	  average	  intensity	  of	  mCitrne	  and	  mTFP	  was	  calculated	  for	  each	  cell	  (object).	  Intensity	  values	  per	  cell	  were	  background	  subtracted.	  In	  addition,	  we	  used	  the	  a-­‐image	  derived	  from	  the	  FLIM	  analysis	  to	  calculate	  the	  phosphorylated	  fraction	  of	  EGFR	  per	  cell	  from	  the	  same	   secondary	   objects.	   Single	   cell	   values	   of	   a,	  	  mTFP	   and	   mCitrine	   were	  exported	   to	  a	   spread	   sheet	   (comma	  separated	   format	  or	  excel	   sheet)	  and	  used	  for	  single	  cell	  correlations	  or	  clustering	  methods.	  	  
	  
3.9.4	   Response-­‐based	  classification	  of	  EGFR	  phosphorylation	  	  	  The	   clustering	   approach	   that	  we	   term	   “response-­‐based”	   clustering	   approach	   is	  based	  on	   the	  principle	  of	   ordinary	  patterns	   (Hempel	   et	   al.,	   2011).	  The	  method	  and	   the	   computational	   task	   were	   provided	   by	   A.	   Koseska.	   The	   approach	   is	  defined	  as	  follows:	  	   1) Given	   a	   certain	   number	   δ	   of	   time	   points,	   a	   vector	   P	   containing	   all	   possible	  permutations	   of	   the	   ranking	   (of	   the	   time	   points)	   is	   generated,	   and	   a	   symbol	  (order	  pattern	  πk)	  is	  assigned	  to	  each	  of	  them:	  	  (αk,	  αk-­‐l1,	  …,	  αk-­‐lδ-­‐1)	  →	  	  πk	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  (21)	  where	  l	  denotes	  the	  time	  lag.	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2) Next,	   a	   symbol	   sequence	   S(i)	   is	   defined	   for	   each	   temporal	   EGFR	   profile	   α(i),	  composed	  of	  the	  order	  patterns	  that	  characterize	  each	  k-­‐th	  group	  of	  time	  points:	  	   S(i)	  =	  (π(i)k1,	  ..,	  π(i)kT)	   	   	   	   	  	  	  	  	  	  	  	  	  	  (22)	  	  The	  length	  of	  the	  symbol	  sequence	  T	  depends	  on	  the	  length	  of	  the	  order	  pattern	  δ	  as	  	   ! = !!!! !!! !	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  (23)	  	   Thus,	  δ	  is	  chosen	  in	  such	  a	  way	  to	  maximize	  T.	  	  	  3) To	  evaluate	  which	  EGFR	  temporal	  profiles	  build	  a	  “response-­‐based”	  cluster,	  the	  pattern	  overlap	  between	  every	  pair	   of	   symbol	   sequences	   S(i)	  and	  S(j)	  is	   counted	  using	  the	  symbol	  sequence	  similarity:	  	   !"!#$ = !!! !!!!!! !!!!!!! !!!!!! 	  	   	   	  	  	  	  	  	  	  	  	  	  (24)	  	   where	  P	  denotes	  the	  vector	  of	  all	  possible	  patterns	  of	  length	  	  δ.	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Figure	   3.4	   (a)	   An	   illustration	   of	   a	   temporal	   EGFR	   phosphorylation	   profile	   as	   obtained	   from	  experiments.	   (b)	   Representation	   of	   all	   possible	   order	   patterns	   πi	   between	   three	   time	   points	  (δ=3).	   Using	   the	   defined	   “response-­‐based”	   clustering	   approach,	   the	   shape	   of	   the	   EGFR	  phosphorylation	  profile	   is	  mapped	   to	   the	   symbol	   sequence	   	   S(1)	   =	   	   (π(1)5,	  π(1)2,π(1)3	  π(1)4),	  where	  	  π(1)5	  marks	   	   the	  relationship	  between	   time	  points	  1,	  2	  and	  3,	  π(1)2	  →	  (1,2,4),	   	  π(1)3	  →	  (1,3,4)	  and	  	  π(1)4	  corresponds	  to	  the	  relationship	  between	  (2,3,4).	  
	  
	  
3.9.5	   Affinity	  propagation	  	  To	   distinguish	   how	   strong	   each	   phosphatase	   regulates	   EGFR	   phosphorylation,	  we	  use	  amplitude-­‐based	  clustering	   in	  order	  to	  classify	  the	  phosphatases	  within	  each	   identified	   group	   (Figure	   4.14).	   The	   method	   and	   the	   computational	   task	  were	  provided	  by	  A.	  Koseska	  (unpublished).	  For	  the	  amplitude-­‐based	  clustering,	  we	  used	  the	  affinity	  propagation	  algorithm	  (Frey	  and	  Dueck,	  2007)	  which	  takes	  as	   an	   input	   the	   set	   of	   real-­‐valued	   similarities	   calculated	   between	   all	   pairs	   of	  EGFR	  temporal	  profiles	  that	  are	  obtained	  after	  corresponding	  PTP	  perturbation.	  These	   similarities	   s(i,k)	   indicate	   how	   well	   a	   temporal	   profile	   is	   suited	   to	   be	  center	   of	   a	   given	   cluster	   (so-­‐called	   exemplar).	   Considering	   that	   the	   goal	   is	   to	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minimize	   the	   squared	   error,	   each	   similarity	   is	   set	   to	   a	   negative	   Euclidean	  distance:	  	  	   ! !, ! = − !! − !! !	  	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  (25)	  	  where	   !! and	   !! are	   vector	   representations	   of	   the	   temporal	   EGFR	  phosphorylation	  profiles	  upon	  perturbation	  of	  2	  different	  phosphatases	  i	  and	  k.	  An	  advantage	  of	  the	  affinity	  propagation	  algorithm	  is	  that	  the	  number	  of	  clusters	  do	  not	  need	  to	  be	  pre-­‐specified,	  but	  on	  the	  contrary,	  the	  algorithm	  takes	  as	  input	  a	  real	  number	  s(k,k)	  for	  each	  data	  vector	  k,	  so	  that	  the	  vectors	  with	  larger	  values	  of	  s(k,k)	  are	  more	  likely	  to	  be	  chosen	  as	  exemplars.	  After	  a	  given	  data	  vector	  is	  chosen	  as	  an	  exemplar,	  the	  max-­‐sum	  algorithm	  is	  derived,	  by	  sending	  messages	  from	   variables	   to	   functions	   and	   from	   functions	   to	   variables	   in	   a	   recursive	  fashion.	  This	  allows	   to	  estimate	  whether	  a	  given	  vector	   is	  a	  good	  exemplar	   for	  the	  chosen	  members	  of	  the	  cluster,	  and	  vice	  versa,	  whether	  a	  given	  member	  of	  a	  specific	   cluster	   belongs	   to	   the	   corresponding	   exemplar.	   The	   procedure	   is	  repeated	  a	  fixed	  number	  of	  iterations	  until	  changes	  in	  the	  number	  of	  exemplars	  and	  members	  in	  specific	  clusters	  fall	  below	  a	  threshold,	  or	  until	  the	  local	  changes	  remain	   constant	   for	   certain	   number	   of	   iterations.	   Thus,	   in	   each	   of	   the	   five	  previously	   identified	   classes,	   the	   phosphatases	   are	   further	   separated	   in	  amplitude-­‐clusters,	  where	  each	  cluster	  is	  composed	  of	  phosphatases	  which	  have	  the	  same	  strength	  of	  regulation	  on	  EGFR	  phosphorylation.	  	  
	  
	  
3.9.6	   Calculation	  of	  the	  hypergeometric	  distribution	  	  We	   investigate	   whether	   the	   clustering	   of	   PTPs	   into	   functional	   classes	   (I-­‐V)	   is	  related	   to	   their	   cellular	   localization.	   For	   this	  purpose,	  we	   calculate	  what	   is	   the	  probability	   that	   a	   number	   of	   PTPs	   with	   a	   distinct	   localization	   (i.e.	   nucleus,	  cytosol	  or	  PM)	  belong	  to	  the	  same	  functional	  class.	  	  	  In	   probability	   theory	   and	   statistics,	   this	   is	   given	   by	   the	   hypergeometric	  distribution,	   which	   is	   a	   discrete	   probability	   distribution	   that	   describes	   the	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probability	   of	   k	   successes	   in	   n	   draws	   without	   replacement	   from	   a	   finite	  population	  of	  size	  N	  containing	  exactly	  K	  successes:	  	  	   ! ! = ! = !! !!!!!!!! 	  	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  (26)	  	  In	   this	   case,	   N	   is	   the	   total	   number	   of	   phosphatases,	   K	   –	   the	   total	   number	   of	  phosphatases	   with	   a	   specific	   cellular	   localization	   (i.e.	   cytosol),	   n	   –	   number	   of	  phosphatase	  that	  belong	  to	  a	  specific	  temporal	  class	  C	  (! ∈ 1,5 )	  and	  k	  –	  number	  of	  phosphatases	  in	  Ci	  that	  have	  the	  same	  cellular	  localization.	  
	  
	  
3.9.7	   Calculation	  of	  the	  Fano-­‐factor	  	  To	  identify	  which	  of	  the	  selected	  phosphatases	  act	  as	  positive/negative	  regulator	  of	  EGFR	  phosphorylation,	  we	   look	   in	  the	  α-­‐variability	  when	  the	  selected	  PTP	  is	  perturbed.	  As	  an	  appropriate	  measure	  of	  the	  relative	  size	  of	  the	  variance	  we	  use	  here	  the	  Fano-­‐factor	  (Becskei	  and	  Serrano,	  2000;	  Fano,	  1947),	  which	  is	  defined	  as	  the	  ratio	  of	  the	  variance	  and	  the	  mean	  value:	  	   ! = !!!!!	  	  	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  (27)	  	  	  
3.9.8	   Generation	  of	  spatial-­‐temporal	  phosphorylation	  profiles	  	  	  The	  method	  to	  generate	  spatial-­‐temporal	  phosphorylation	  profiles	  from	  imaging	  data	   and	   the	   computational	   task	   were	   provided	   by	   H.	   Grecco	   (unpublished).	  Single	  cells	  were	  identified	  by	  Cell	  profiler	  software	  as	  described	  in	   subsection	  
3.9.3.	  We	  used	  the	  EGFR-­‐mTFP	  fluorescence	  and	  the	  Hoechst	  staining	  to	  define	  a	  mask	  of	  the	  cytoplasm	  and	  the	  nuclear	  area	  of	  each	  cell.	  We	  excluded	  cells	  from	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the	  analysis	   that	  were	  not	  masked	  properly	   into	   cytoplasm	  and	  nucleus.	  A	   cell	  has	  to	  fulfill	  the	  following	  rules:	  	  (1)	   The	   total	  cellular	  area	  has	   to	  be	  double	   in	  size	  compared	   to	   the	  nucleus	  alone	   !!"#$%"&!!"## > 2	  	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  (28)	  N	  =	  number	  of	  pixels	  	  (2)	   The	   pixel	   number	   of	   a	   cell	   has	   to	   be	   higher	   than	   the	   median	   -­‐	   pixel	  number	  calculated	  from	  the	  whole	  cell	  population:	  	   !!"## > (!!"##)!"# 	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  (29)	  	  After	  excluding	  cells	  by	  the	  described	  rules,	  we	  calculated	  the	  center	  of	  each	  cell	  by	  using	  the	  well-­‐defined	  nuclear	  staining.	  Every	  pixel	  within	  the	  cell-­‐mask	  with	  the	   coordinates	   (x,y)	   were	   transformed	   into	   polar	   coordinates	   (angle,	   ϑ	   and	  radius,	   r),	  with	  respect	   to	   the	  center	  of	   the	  nucleus.	  The	  contour	  of	   the	  plasma	  membrane	  (r(ϑ)PM)	  and	  the	  nuclear	  membrane	  (r(ϑ)NM)	  was	  defined	  for	  every	  ϑ	  and	  normalized	  to	  1	  and	  0.5,	  respectively.	  Thereby,	   the	  area	  of	   the	  nucleus	  and	  the	  cytoplasm	  can	  be	  defined	  with	  the	  relative	  radius:	  	   !!"#   ∈ [0, 0.5]	  !!"   ∈ [0.5, 1]	  	  The	  relative	  radius	  of	   the	  nucleus	  was	  divided	   into	  3	  and	  the	  relative	  radius	  of	  the	   cytoplasm	   into	   10	   segments.	   After	   cell	   segmentation,	   the	   intensity-­‐	   (I)	   and	  the	   α-­‐	   image	   of	   EGFR	   were	   used	   to	   calculate	   the	   normalized	   amount	   of	  phosphorylated	  EGFR	  (EGFRp)	  in	  each	  segment:	  	   !"!"# =    !!  !!!!!!     !!!!!! ∗   !!	   	   	   	  	  	  	  	  	  	  	  	  	  (30)	  	  N	  =	  total	  pixels	  per	  cell,	  n	  =	  total	  pixels	  in	  the	  corresponding	  segment	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In	  order	  to	  accomplish	  our	  aim,	  we	  combined	  automated	  FRET-­‐FLIM	  acquisition	  with	   cell	   arrays	   (CA).	   The	   combination	   of	   both	   technologies	   allows	   multiple	  perturbations	  of	  different	  PTPs	  and	  the	  quantification	  of	  EGFR	  phosphorylation	  with	   spatial	   resolution	   in	   cells.	   CAs	   can	   contain	   multiple	   spots	   with	   genetic	  material	  including	  siRNA	  and/or	  plasmid	  cDNA	  to	  decrease	  or	  increase	  the	  level	  of	  specific	  PTPs	  by	  local	  cell	  transfection.	  CA	  has	  the	  advantage	  that	  the	  function	  of	  around	  384	  proteins	  can	  be	  addressed	  on	  a	  miniaturized	  device	  with	  a	  size	  of	  102	   cm.	   Furthermore,	   cells	   transfected	   on	   array	   spots	   can	   be	   homogenously	  treated	   by	   growth	   factors	   without	   separating	   walls	   between	   cell	   samples	   to	  minimize	   experimental	   error	   and	   increase	   the	   sensitivity	   of	   the	   approach.	  However,	  in	  contrast	  to	  multi-­‐well	  plates,	  cell	  colonies	  transfected	  with	  different	  genetic	  material	  are	  only	  separated	  by	  few	  microns	  while	  they	  are	  growing	  in	  the	  same	   CA.	   Thus,	   CA	   is	   susceptible	   to	   contamination	   among	   neighboring	   spots,	  which	  could	  hinder	  accurate	  quantification	  in	  cell-­‐based	  screening	  experiments.	  Thus,	   before	   combining	   CA	   with	   FLIM,	   we	   developed	   and	   carried	   out	   quality	  control	  experiments	  to	  quantify	  the	  plasmid	  cDNA	  transfection	  efficiency	  and	  to	  minimize	  contamination	  between	  CA	  spots.	  The	  optimization	  of	  CA	  is	  presented	  in	   the	   following	  section	   4.1.	   Furthermore,	   to	  guarantee	  optimal	   conditions	   for	  down-­‐modulation	  screenings,	  the	  transfection	  efficiency	  of	  siRNA	  was	  measured.	  The	   quantification	   of	   EGFR	   phosphorylation	   is	   based	   on	   the	   interaction	   of	   a	  fluorescent	   protein-­‐tagged	   EGFR	   serving	   as	   FRET-­‐donor	   with	   a	   generic	   anti-­‐phosphotyrosine	   antibody	   conjugated	   to	   a	   FRET-­‐acceptor	   fluorophore.	   In	  parallel	  to	  the	  CA	  optimizations,	  we	  improved	  the	  antibody	  binding	  and	  tested	  its	  accessibility	  to	  the	  EGFR	  epitope	  to	  guarantee	  robust	  FRET-­‐FLIM	  measurements.	  The	   improvement	   of	   the	   antibody	   staining	   for	   FRET-­‐FLIM	   is	   presented	   in	  
section	   4.2.	   After	   these	   two	   methodological	   sections	   regarding	   CA-­‐FLIM	  optimizations,	   section	   4.3	   will	   address	   the	   first	   question	   of	   our	   aims:	   “Which	  PTPs	  are	  involved	  in	  EGFR	  regulation	  after	  EGF	  stimulation?”	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4.1	   Optimization	  of	  CA	  	  CA	  technology	  allows	  studying	  multiple	  gene	  products	  on	  microscope	  slides	  via	  reverse	   transfection	   of	   cells	   growing	   on	   spotted	   genetic	   material.	   Improved	  protocols	   for	  achieving	  optimal	  reverse	  transfection	  efficiencies	  and	  an	  optimal	  spot	   shape	   have	   recently	   been	   developed	   (Baghdoyan	   et	   al.,	   2004;	   Erfle	   et	   al.,	  2007;	   Fjeldbo	   et	   al.,	   2008;	  Mannherz	   et	   al.,	   2006;	  Yoshikawa	  et	   al.,	   2004).	  The	  major	   challenge	   is	   to	   obtain	   a	   low	   rate	   of	   contamination	   between	   the	   genetic	  perturbations	  in	  adjacent	  spots.	  	  	  	  
4.1.1	  	   Cell	  type	  specific	  optimization	  and	  determination	  of	  CA	  accuracy	  	  	  First	  we	  evaluated	  the	  accuracy	  of	  CA	  with	  breast	  cancer-­‐derived	  MCF7	  cells	  and	  compared	   it	   with	   HeLa	   cells,	   the	  most	   frequently	   used	   cell	   line	   in	  microscopy	  based	  CA-­‐systems	  (Erfle	  et	  al.,	  2007;	  Grecco	  et	  al.,	  2010).	  For	  both	  cell	  types,	  we	  generated	   checkered	   arrays	   by	   printing	   mCitrine	   and	   mCherry	   expression	  plasmids	   in	   an	   alternate	   spot	   pattern.	   The	   expression	   of	   these	   fluorescent	  proteins	   after	   reverse	   transfection	   allowed	   us	   to	   monitor	   the	   transfection	  efficiency	  and	  the	  fraction	  of	  contaminating	  cells	  in	  each	  spot.	  In	  addition,	  part	  of	  the	   array	  was	   left	   unspotted	   to	   investigate	   the	  presence	   of	   transfected	   cells	   in	  those	   areas	   (Figure	   4.1a).	   We	   initially	   seeded	   HeLa	   cells	   under	   standard	  conditions	  (Methods	  3.5.5).	  After	  cell	  seeding,	  we	  incubated	  cells	  for	  24	  and	  48	  hours,	   as	   is	   commonly	   used	   for	   ectopic	   protein	   expression	   after	   plasmid	  transfection	   and	   protein	   down-­‐modulation	   after	   siRNA	   transfection,	  respectively.	   After	   24	   hours	   of	   incubation,	   mCitrine-­‐	   and	   mCherry-­‐expressing	  HeLa	  cells	  were	  distributed	  over	  the	  complete	  culture	  chamber,	  including	  empty	  areas	  where	  no	   spots	  were	  printed.	  After	  48	  hours,	   spots	  were	  poorly	  defined	  leading	   to	   undefined	   array	   grids	   (Figure	   4.1b).	   This	   data	   showed	   that	   the	  accuracy	  of	  HeLa	  cell	  arrays	  in	  the	  standard	  seeding	  conditions	  was	  very	  low.	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Figure	   4.1	   Reduction	   of	   inter-­‐spot	   contamination	   in	  HeLa	   cell	   arrays.	   (a)	   Picture	   of	   a	   spotted	  LabTek	  chamber.	  Schematic	  of	  locations	  of	  plasmids	  encoding	  for	  mCitrine	  and	  mCherry	  (green	  and	   red	   spots),	   and	   unspotted	   (empty)	   areas	   are	   shown	   in	   the	   lower	   panel.	   Contaminants	  expressing	  the	  opposite	  fluorescent	  protein	  in	  mCitrine/mCherry	  spots	  or	  in	  unspotted	  areas	  are	  shown	  in	  the	  right	  schematic.	  (b)	  and	  (c)	  Montage	  of	  fields	  (spots	  or	  empty	  areas)	  of	  half	  arrays	  containing	  mCitrine/mCherry-­‐expressing	  HeLa	  cells.	  20	  min	  after	  cell	   seeding	  a	  wash	  step	  was	  included	   in	   (c)	   but	   not	   in	   (b).	   Reverse	   transfection	   time	   is	   indicated.	   Right	   panels	   show	  magnifications	  of	  representative	  spots.	  Figure	  adapted	  from	  (Fengler	  et	  al.,	  2012).	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It	  was	  previously	  shown	  that	   the	  presence	  of	   fibronectin	   in	   the	  printing	  solution	   increases	   cell	   adherence	   (Erfle	   et	   al.,	   2004).	  We	   found	   that	  HeLa	   cells	  adhered	  faster	  on	  fibronectin	  containing	  spots,	  with	  attachment	  occurring	  10-­‐20	  minutes	   after	   seeding,	   than	   on	   a	   glass	   surface,	   on	   which	   it	   takes	   at	   least	   40	  minutes.	  This	  result	  prompted	  us	  to	  apply	  a	  washing	  step	  20	  minutes	  after	  cell	  seeding.	   In	   this	  way,	  most	  non-­‐adhered	  cells	  on	   the	  glass	  surface	  were	  washed	  away,	  while	  cells	  adhered	  on	  spots	  remained	  attached	  (Supplementary	  Figure	  
4.S1).	  To	  assess	  the	  effect	  of	  the	  washing	  step	  on	  cell	  array	  accuracy,	  we	  included	  a	  washing	  step	  after	  cell	  seeding.	  This	  modification	  of	  the	  protocol	  resulted	  in	  an	  improved	  expression	  pattern.	  Cells	  on	  arrays	  were	  mainly	  located	  on	  spots	  while	  empty	  unspotted	  areas	  were	  mostly	  free	  of	  cells	  after	  24	  and	  48	  hours	  of	  reverse	  transfection	   (Figure	   4.1c).	   The	   distribution	   of	   cells	   after	   48	   hours	   in	   washed	  arrays	   indicated	   that	   cells	   do	   not	  migrate	   outside	   the	   spot	   during	   the	   reverse	  transfection	   time	   after	   cell	   attachment.	   Thus,	   the	   data	   suggested	   that	   non-­‐specific	   transfection	   of	   HeLa	   cells	   during	   the	   seeding	   process	   caused	   spot	  contamination.	  In	  order	  to	  quantify	  spot	  contamination,	  we	  segmented	  acquired	  images	   into	   single	   cells	   and	   measured	   the	   transfection	   efficiency	   and	   the	  percentage	   of	   contaminating	   cells	   in	   spots	   and	   empty	   areas	   (Figure	   4.2a,	   b).	  After	  24	  hours	  of	   incubation,	  3%	  of	  HeLa	  cells	  were	  found	  to	  be	  contaminating	  spotted	   areas.	   Similar	   values	   of	   contaminating	   cells	   were	   observed	   in	   images	  acquired	  from	  empty	  areas.	  After	  48	  hours	  the	  percentage	  of	  contaminating	  cells	  in	   spots	   and	   empty	   areas	   increased	   to	   7%	  and	  9%,	   respectively.	   In	   contrast,	   a	  clear-­‐cut	   reduction	   in	   the	   percentage	   of	   contaminating	   cells	   was	   found	   after	  washing	  steps	  were	   introduced,	  reducing	  the	  percentage	  of	  contaminating	  cells	  to	  3%	  after	  48	  hours	  of	   incubation.	  Thus,	  washing	   steps	  notably	   increased	   the	  accuracy	  of	  cell	  arrays,	  which	  showed	  the	  desired	  fluorescent	  protein	  patterns	  as	  dictated	   by	   spot	   organization.	   On	   the	   other	   hand,	   MCF7	   cell	   arrays	   prepared	  using	  the	  standard	  protocol	  showed	  a	  percentage	  of	  contaminating	  cells	  in	  spots	  and	  empty	  areas	  under	  2%	  for	  both	  incubation	  times.	  In	  comparison	  with	  HeLa	  cells,	  this	  cell	  line	  was	  found	  to	  produce	  accurate	  cell	  arrays	  without	  the	  need	  of	  a	   washing	   step.	   This	   demonstrated	   that	   characterization	   and	   optimization	   of	  protocols	  for	  generating	  accurate	  CA	  with	  low	  contamination	  rates	  must	  be	  done	  independently	   for	   each	   cell	   line.	   To	   further	   investigate	   how	   the	   contaminating	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cells	  are	  distributed,	  we	  cropped	  the	  center	  of	  acquired	  microscopy	  fields,	  where	  the	  spot	   is	  primarily	   located,	  and	  measured	  the	  percentage	  of	   transfected	  cells.	  The	   size	   of	   the	   cropped	   field	   simulated	   the	   magnification	   of	   a	   20x	   objective	  
(Figure	   4.2c).	  These	  data	   showed	  a	  general	   increase	   in	   transfection	  efficiency,	  which	  was	   doubled	   in	  MCF7	   arrays,	   consistent	   with	   the	   fact	   that	  mainly	   non-­‐transfected	   cells	   were	   located	   at	   the	   periphery	   of	   the	   spot.	   In	   contrast,	   the	  percentage	   of	   contamination	   showed	   no	   differences	   with	   respect	   to	   the	   un-­‐cropped	   data,	   demonstrating	   that	   contaminating	   cells	   were	   not	   preferentially	  located	  at	  the	  spot	  periphery.	  As	  expected,	  transfection	  rate	  in	  empty	  areas	  did	  not	   show	   any	   change	  when	   cropped	   areas	  were	   analyzed.	   These	   data	   indicate	  that	  cell	  migration	  between	  spots	  is	  not	  the	  main	  cause	  of	  contamination,	  which	  would	  render	  contaminant	  cells	  preferentially	  located	  at	  the	  spot	  periphery.	  	  
	  	  
Figure	   4.2	  Quantitative	   analysis	   of	   array	   accuracy.	   (a)	   Schematic	   representation	  of	   automated	  image	   analysis.	   Schematic	   of	   the	   module	   built	   pipeline	   created	   with	   Cell	   Profiler	   software	   to	  calculate	  the	  numbers	  of	  mCitrine	  and	  mCherry	  expressing	  cells	  in	  mCitrine	  spots.	  Thresholds	  for	  mCitrine	  and	  mCherry	  channels	  were	  applied	  as	  described	  in	  methods.	  The	  total	  number	  of	  cells	  was	  calculated	  by	  identifying	  primary	  objects	  by	  using	  a	  nuclei	  staining.	  The	  threshold	  images	  of	  mCitrine	   or	   mCherry	   were	   used	   with	   the	   primary	   objects	   to	   identify	   mCitrine	   and	   mCherry	  expressing	  cells	  (secondary	  objects).	  The	  white	  arrow	  shows	  one	  of	  the	  interspot	  contaminating	  cells.	   (b)	   and	   (c)	  The	  percentage	  of	  mCitrine	   expressing	   cells	  was	   calculated	   for	   each	  mCitrine	  cDNA-­‐containing	  spot	  (transfection	  efficiency,	  back	  bars)	  or	  for	  mCherry	  cDNA-­‐containing	  spots	  (interspot	   contamination,	   light-­‐gray	   bars).	   Dark-­‐grey	   bars	   represent	   the	   %	   of	   mCitrine-­‐expressing	   cells	   in	   empty	   areas.	   Results	   obtained	  with	   the	   protocol	   that	   includes	   the	  washing	  step	   are	   shown.	  An	   example	  of	   cropped	  areas	  used	   for	  20x	  objective	   simulation	   is	   shown	   (left	  panels).	  The	  number	  of	  mCitrine	  cells	  and	  the	  standard	  deviation	  are	   indicated.	  Figure	  adapted	  from	  (Fengler	  et	  al.,	  2012)	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4.1.2	  	   Cell	  dynamics	  inside	  spots	  	  In	  an	  attempt	  to	  further	  prove	  that	  cell	  migration	  among	  neighboring	  spots	  was	  not	   the	   main	   source	   of	   contamination	   in	   CAs,	   live	   HeLa	   and	   MCF7	   cells	   were	  seeded	  without	  a	  washing	  step,	  incubated	  for	  24	  hours	  and	  tracked	  in	  time-­‐lapse	  microscopy	   experiments	   for	   15	   hours.	  We	   found	   that	   neither	   HeLa	   nor	   MCF7	  cells	   migrated	   from	   spots	   during	   long	   incubation	   times	   (Figure	   4.3a,	   b).	  Moreover,	  experiments	  were	  performed	  to	  track	  the	  appearance	  of	  fluorescence	  after	  chromophore	  expression	  and	  maturation.	  A431D	  cells	  tracked	  5	  hours	  after	  seeding	   captured	   the	   first	   detectable	   expression	   of	   mCherry	   in	   non-­‐migrating	  cells	  located	  in	  mCitrine	  spots	  (Figure	  4.3c).	  This	  experiment	  indicated	  an	  early	  acquisition	  of	   the	  mCherry	  plasmid	  by	   these	   cells,	   before	   the	   final	   adhesion	   to	  the	  mCitrine	   spot	  where	   they	  were	   attached	  before	   fluorescence	   emission	  was	  detectable.	  	  	  
	  
	  
Figure	  4.3	  Cell	  dynamics	  in	  spots.	  MCF7	  (a)	  or	  HeLa	  (b)	  cells	  seeded	  according	  to	  the	  standard	  protocol	  without	  washing	  step	  and	  incubated	  for	  39	  hours.	  After	  the	  first	  24	  hours	  of	  incubation	  cells	  were	   tracked	   in	   time	   lapse	   live	   cell	   imaging	   for	   15	   hours	   under	   growing	   conditions.	   The	  merged	  image	  (mCitrine	  in	  green	  and	  mCherry	  in	  red)	  of	  representative	  frames	  acquired	  every	  2:30	   hours	   are	   shown.	   (c)	   A431D	   cells	   were	   incubated	   for	   5	   hours	   after	   cell	   seeding	   and	  monitored	  for	  7	  hours.	  Merged	  images	  of	  the	  transmission,	  mCitrine	  (green)	  and	  mCherry	  (red)	  channel	  are	  shown.	  Cells	  were	  every	  75	  min	  exposed.	  Figure	  adapted	  from	  (Fengler	  et	  al.,	  2012).	  	  	   The	  presented	  data	  strongly	  support	  the	  hypothesis	  that	  cell	  migration	  is	  not	   the	   dominant	   cause	   of	   contamination	   on	   CAs.	   We	   therefore	   propose	   that	  contamination	   generally	   originates	   early	   after	   cell	   seeding.	   It	   is	   possible	   for	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example,	  that	  cells	  touch	  different	  spots	  during	  seeding	  and	  become	  transfected	  before	   their	   eventual	   adherence	   at	   a	   final	   array	   address.	   Consistent	   with	   this	  hypothesis,	   the	   source	   of	   contamination	   can	   be	   notably	   reduced	   by	   applying	   a	  washing	   step	   early	   after	   seeding.	   In	   order	   to	   avoid	   interspot	   contamination	   it	  was	  previously	  suggested	  that	  the	  spot-­‐to-­‐spot	  distance	  could	  be	  increased	  (Erfle	  et	  al.,	  2007).	  The	  drawback	  of	  this	  strategy	  is	  that	  the	  total	  capacity	  of	  the	  array	  is	  reduced	  and	  a	  lower	  number	  of	  samples	  can	  be	  studied.	  In	  our	  study,	  we	  show	  that	   an	   increased	   spot-­‐to-­‐spot	   distance	   is	   not	   sufficient	   to	   reduce	   the	  contamination	   in	   the	   case	   of	   HeLa	   cells	   since	   fluorescent	   cells	   distribute	   to	  unspotted	  areas	  (Figure	   4.1).	  Moreover,	  protocols	   that	   include	  a	  washing	  step	  after	  seeding	  have	  been	  proven	  to	  be	  able	  to	  produce	  high	  density	  CAs	  with	  short	  spot-­‐to-­‐spot	  distances,	  good	  transfection	  efficiencies	  and	  spot	  shapes	  (Rantala	  et	  al.,	  2011).	  By	  using	  mCitrine	  and	  mCherry	  in	  an	  alternate	  spot	  pattern,	  we	  now	  show	  that	  such	  protocols	  not	  only	  produce	  CAs	  with	  better	  spot	  shape	  but	  also	  with	  negligible	  contamination.	  Therefore,	  we	  proposed	  that	  the	  application	  of	  a	  washing	  step	  is	  a	  convenient	  way	  to	  reduce	  this	  phenomenon.	  In	  contrast	  to	  the	  results	  observed	  with	  HeLa	  cells,	  MCF7	  cells	  showed	  a	  7-­‐fold	  lower	  percentage	  of	  contaminating	   cells	   in	   cell	   arrays	   developed	   without	   washing	   steps	   after	   cell	  seeding.	   This	   demonstrates	   that	   contamination	   is	   not	   a	   universal	   problem	  and	  thus,	   specific	   adhesion	   properties	   and	   transfection	   potentials	   of	   cell	   lines	  may	  differentially	  affect	  the	  quality	  of	  cell	  arrays	  developed	  under	  standard	  protocols.	  	   In	  summary,	  we	  have	  shown	  that	  the	  existence	  of	  contaminating	  cells	   in	  spots	   is	   a	   major	   caveat	   for	   certain	   cell	   lines	   which	   needs	   to	   be	   properly	  controlled.	  But	  by	  following	  cell	  type-­‐specific	  seeding	  protocols	  and	  quantitative	  analysis	  we	  can	  guarantee	  a	  high	  accuracy	  of	  CA	  containing	  either	  MCF7	  or	  HeLa	  cells.	  Our	  presented	  method	  can	  be	  used	  as	  a	  general	  quality	  control	  to	  measure	  the	  suitability	  of	  cell	  lines	  to	  be	  used	  for	  CAs.	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Figure	   4.4	   (a)	   Stable	  EGFR-­‐GFP	  expressing	  MCF7	  cells	  were	   seeded	  on	  array	   spots	   containing	  fluorescently	   labeled	   non-­‐targeting	   siRNA	   (siGLO).	   After	   48	   hours	   of	   incubation	   images	   of	  complete	  spots	  were	  acquired	  in	  both	  channels.	  EGFR-­‐GFP	  (green)	  and	  siGLO	  particles	  (red)	  are	  shown	  for	  two	  different	  CA	  spots.	  Scale	  bar	  indicates	  a	  spot	  size	  of	  500	  mm.	  (b)	  The	  number	  of	  siGLO-­‐particles	  and	  the	  area	  of	  GFP	  (pixels2)	  were	  determined	  for	  25	  spots	  and	  correlated	  with	  each	  other.	  Data	  presented	  in	  this	  figure	  were	  kindly	  provided	  by	  P.	  Roda-­‐Navarro.	  	  	  
	  
4.2	   Improvement	   of	   the	   quantification	   of	   EGFR	  
phosphorylation	  by	  FRET-­‐FLIM	  	  	  By	  coupling	  CA	  with	  FLIM	  (CA-­‐FLIM),	  we	  aimed	  to	  quantify	  the	  phosphorylated	  fraction	  of	  EGFR	  in	  perturbed	  cells	  with	  spatial	  resolution.	  The	  FLIM	  method	  is	  based	   on	   an	   EGFR	   molecule	   that	   is	   C-­‐terminally	   fused	   to	   a	   FRET-­‐donor	   (e.g.	  mCitrine	  or	  mTFP).	  The	  fluorescence	  donor	  lifetime	  is	  measured	  in	  presence	  of	  a	  generic	   anti-­‐phosphotyrosine	   (pY)	   antibody	   that	   is	   conjugated	   to	   a	   FRET-­‐acceptor	  (Cy3.5	  dye)	  (Verveer	  et	  al.,	  2000b)	  (Figure	  4.5a).	  After	  EGFR	  activation	  and	   trans-­‐phosphorylation,	   for	   example,	   the	   antibody	   binds	   specifically	   to	  phosphotyrosines	   and	   the	   phosphorylation	   of	   EGFR	   can	   be	   quantified	   by	   a	  decrease	   in	   the	   fluorescence	   donor	   lifetime.	   This	   method	   provides	   a	   highly	  specific	   due	   to	   the	   molecular	   proximity	   necessary	   between	   the	   donor	   and	   its	  acceptor.	   Using	   global	   analysis	   (Methods	   3.9.1	   and	   3.9.2)	   the	   fraction	   of	  phosphorylated	  EGFR	   (α)	   can	   be	   determined	   for	   each	   pixel	   (α-­‐image)	   (Figure	  
4.5b).	   In	   this	   thesis,	   we	   used	   three	   different	   donor-­‐acceptor	   pairs,	   GFP-­‐Cy3,	  mCitrine-­‐Cy3.5	  and	  mTFP-­‐Cy3.5.	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4.2.1	   Accessibility	  of	  the	  FRET	  acceptor	  in	  situ	  	  To	  verify	   that	   the	  expressed	   fluorescent	   fusion	  proteins	  of	  EGFR	  are	  accessible	  for	   antibodies	   inside	   fixed	   cells	   we	   tested	   different	   immunofluorescence	  protocols.	  EGFR-­‐mCitrine	  transfected	  MCF7	  cells	  were	  fixed	  with	  a	  range	  of	  PFA	  concentrations	  and	  stained	  with	  a	  total	  anti-­‐EGFR	  antibody	  (Figure	  4.6a).	  Cells	  were	   stimulated	   with	   EGF	   before	   fixation	   to	   examine	   the	   accessibility	   of	  internalized	   EGFR.	   Color-­‐merge	   images	   of	   expressed	   EGFR-­‐mCitrine	   and	   EGFR	  fluorescent	  staining	  showed	  a	  high	  overlap	   in	  all	   four	   fixation	  protocols.	  Single	  pixel	   correlations	   of	   these	   images	   show	   a	   linear	   correlation	   of	   EGFR-­‐GFP	   and	  EGFR	   stain	   indicating	   sufficient	   accessibility	   of	   the	   antibody.	   According	   to	   our	  result,	   we	   decided	   to	   use	   the	   usual	   4	   %	   PFA/PBS	   fixation	   in	   all	   further	  experiments.	  	   Quantification	   of	   the	   donor-­‐based	   FRET	   measurements	   is	   highly	  dependent	   on	   the	   acceptor	   concentration.	   The	   optimal	   conditions	   for	   such	   a	  measurement	   is	   given	   when	   saturating	   amounts	   of	   the	   acceptor	   are	   present,	  which	   guarantees	   that	   the	   Cy3.5	   labeled	   pY	   antibodies	   (anti-­‐pY-­‐Cy3.5)	   occupy	  virtually	  all	  phosphotyrosine	  residues	  at	  the	  EGFR.	  Therefore,	  we	  next	  examined	  the	   incubation	   time	   of	   the	   pY	   antibody	   labeled	   with	   Cy3.5	   to	   reach	   binding	  saturation	   on	   the	   EGFR	   in	   stimulated	   cells.	   To	   achieve	   this,	   MCF7	   cells	   were	  transfected	   with	   EGFR-­‐mCitrine,	   stimulated	   with	   EGF	   and	   then	   fixed.	   Cy3.5	  labeled	  pY	  antibody	  was	   then	  added	   to	  cells	  and	   the	  co-­‐localization	  with	  EGFR	  was	  recorded	  over	  a	  period	  of	  4	  hours	  (Figure	  4.6b).	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Figure	   4.6	   Verification	   of	   antibody	   accessibility	   and	   FRET	   acceptor	   saturation.	   (a)	   EGFR-­‐mCitrine	  transfected	  MCF7	  cells	  were	  stimulated	  for	  5	  min	  with	  100	  ng/ml	  EGF	  and	  fixed	  with	  different	  concentrations	  of	  PFA/PBS	  as	  indicated.	  After	  incubation	  with	  total	  EGFR	  antibody,	  that	  detects	   the	   C-­‐terminal	   region	   of	   EGFR,	   cells	   were	   stained	   with	   a	   far-­‐red	   Alexa647	   labeled	  secondary	  antibody	  to	  avoid	  bleedtrough.	  Images	  and	  single	  pixel	  correlations	  are	  shown	  for	  all	  conditions.	   (b)	  EGFR-­‐mCitrine	  expressing	  MCF7	  cells	  were	  stimulated	  with	  100	  ng/ml	  EGF	  and	  fixed.	  30	  µg/ml	  anti-­‐pY	  antibody	  conjugated	  to	  Cy3.5	  (pY-­‐Cy3.5)	  was	  added	  and	  antibody	  binding	  was	  recorded	  over	  a	  period	  of	  4	  hours.	  Red	  arrowheads	  indicate	  PM	  regions	  of	  a	  cell	  transfected	  with	  EGFR-­‐mCitrine	  compared	  to	  a	  cell	  that	  is	  untransfected.	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The	   pY-­‐Cy3.5	   antibody	   co-­‐localized	   after	   10	  min	   incubation	  with	   EGFR-­‐mCitrine	   at	   the	   PM	   and	   internal	   structures.	   After	   incubation	   times	   of	   over	   2-­‐4	  hours,	   only	   the	   overall	   phosphotyrosine	   background	   staining	   increases	   in	  intensity	   while	   regions	   of	   EGFR	   localization	   were	   nearly	   saturated	   at	   shorter	  incubation	   times.	   We	   decided	   to	   incubate	   cells	   for	   4	   hours	   for	   FRET	  measurements	   to	   ensure	   almost	   saturating	   conditions.	   After	   incubation,	   the	  remaining	  antibody	  was	  washed	  from	  the	  cells	  to	  standardize	  the	  protocol	  and	  to	  avoid	  errors	  when	  different	  experiments	  are	  compared.	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4.3	   Identification	  of	  PTPs	  that	  regulate	  EGFR	  phosphorylation	  
by	  CA-­‐FLIM	  	  Our	  optimization	  experiments	  in	  section	  4.1	  demonstrated	  that	  our	  protocol	  has	  a	  low	  rate	  of	  cross-­‐contamination	  and	  a	  sufficient	  transfection	  efficiency	  for	  both	  cDNAs	   and	   siRNAs.	   These	   initial	   conditions	   allowed	   us	   to	   perform	   reciprocal	  perturbations	   on	   CAs.	   The	   detection	   of	   opposing	   effects	   after	   ectopic	   PTP	  expression	  or	  siRNA	  silencing	  would	  provide	  strong	  evidence	  to	  address	  which	  PTPs	   regulate	   the	   phosphorylation	   of	   EGFR	   after	   EGF	   stimulation.	   For	   these	  experiments,	   we	   have	   produced	   CAs	   by	   spotting	   a	   commonly	   available	   On-­‐Target-­‐Plus-­‐pool	   siRNA	   library	   (Dharmacon)	   to	  down-­‐modulate	   the	  expression	  of	   92	   different	   PTPs	   in	  MCF7	   cells.	   In	   parallel,	   we	   produced	   CAs	  with	   our	   in-­‐house	  cDNA	  library	  of	  51	  fluorescent	  PTPs	  to	  ectopically	  express	  specific	  PTPs.	  A	  detailed	   description	   of	   the	   high-­‐throughput	   cloning	   of	   our	   cDNA	   library	   of	  fluorescent	  PTPs	  can	  be	   found	   in	  (Methods	   3.1).	  Together	  with	  a	  PTP-­‐specific	  siRNA	   or	   a	   PTP-­‐coding	   cDNA,	   all	   cells	   on	   CA	   spots	   were	   additionally	   co-­‐transfected	  with	  EGFR	  fused	  to	  a	  fluorescent	  protein	  serving	  as	  the	  FRET	  donor,	  which,	  in	  combination	  with	  the	  FRET	  acceptor	  conjugated	  anti-­‐pY	  antibody,	  will	  be	  used	   to	  quantify	  its	  phosphorylated	  fraction	  in	  perturbed	  cells	  (Figure	  4.7).	  The	   result	   of	   the	   siRNA	   and	   cDNA	   screens	   to	   identify	   EGFR	   regulators	   is	  presented	   in	   the	   following	   subsections	   4.3.1	   and	   4.3.2,	   respectively.	   In	   the	  following	  study,	  we	  used	  breast	  cancer	  derived	  MCF7	  cells,	  which	  share	  genomic	  and	  transcriptional	  features	  with	  primary	  tumor	  cells	  (Neve	  et	  al.,	  2006).	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Figure	  4.7	  Perturbation	  of	  culture	  cells	  by	  reverse	  transfection	  on	  CA	  spots.	  CA	  spot	  mixtures	  for	  reverse	  transfection	  can	  contain	  siRNA	  and/or	  cDNA.	  Cell	  seeding	  generates	  local	  transfected	  cell	  groups	  on	  the	  CA.	  Spot	  size	  is	  500	  µm.	  EGFR	  fused	  to	  a	  fluorescent	  FRET	  donor	  is	  co-­‐transfected	  with	   either	   expression	   plasmids	   of	   fluorescent	   PTP	   versions	   for	   protein	   up-­‐regulation	   or	  with	  siRNAs	   targeting	   PTPs	   for	   protein	   down-­‐regulation.	   Different	   spot	   transfection	   of	   EGFR	   with	  PTPN1	   (on	   the	   top),	   EGFR	   alone	   as	   unperturbed	   control	   (middle)	   and	   EGFR	   combined	   with	  labeled	  siRNA	  (on	  the	  bottom)	  is	  shown	  with	  a	  higher	  magnification	  on	  the	  right.	  	  	  	  	  
4.3.1	  	   Identification	  of	  EGFR	  regulators	  by	  down	  modulation	  screening	  	  	  Before	  we	   used	   the	  whole	   siRNA	   library	   in	   CA	   screenings,	  we	   have	   tested	   the	  functionality	  of	  a	  small	  subset	  of	  siRNAs.	  Therefore,	  MCF7	  cells	  were	  transfected	  with	  siRNA	  targeting	  a	  specific	  PTP	  or	  non-­‐targeting	  (NT)	  siRNA	  and	  incubated	  for	   48	   hours.	   Lysates	   were	   used	   for	   western	   blot	   analysis	   with	   PTP-­‐specific	  antibodies	  (Supplementary	  Figure	  4.S2).	  Sufficient	  protein	  down	  regulation	  of	  PTPN1	   (PTP1B),	   PTPN11	   (SHP2),	   PTPN21	   (PTPD1)	   and	   PTPRF	   (LAR)	   were	  observed	  upon	  specific	  siRNA	  transfection.	  	  	   After	   testing	   the	   functionality	   of	   single	   siRNAs,	   we	   produced	   CAs	  containing	   the	   entire	   library	   of	   92	   siRNAs	   to	   down-­‐modulate	   the	   endogenous	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expression	  of	  PTPs	  in	  MCF7	  cells.	  The	  total	  spot	  number	  was	  set	  to	  384	  resulting	  in	   4	   replicates	   per	   PTP	   (see	   Methods	   3.5	   for	   a	   detailed	   protocol	   of	   CA	  production).	  Non-­‐targeting	  siRNA	  was	  included	  as	  control.	  The	  co-­‐expression	  of	  EGFR-­‐GFP	   (FRET-­‐donor)	   was	   established	   by	   seeding	   stably	   expressing	   EGFR-­‐GFP	  MCF7	  cells	  directly	  on	  the	  spotted	  array.	  Cells	  were	  incubated	  for	  48	  hours	  on	  CAs	  suitable	  for	  siRNA	  reverse	  transfection.	  Cells	  were	  starved	  and	  stimulated	  for	   5	   min	   with	   EGF.	   CA	   spot	   positions	   were	   determined	   by	   using	   defined	  reference	   positions	   within	   the	   spot	   grid.	   After	   positioning,	   automated	   image	  acquisition	   including	   FLIM-­‐stacks	   of	   EGFR-­‐GFP	   at	   every	   spot,	   was	   performed	  before	  and	  after	  addition	  of	  a	  Cy3	  conjugated	  anti-­‐pY	  antibody	  serving	  as	  FRET-­‐acceptor.	   The	   frequency-­‐dependent	   apparent	   phase	   (τφ)	   and	   modulation	   (τm)	  fluorescent	   lifetime	   image	   at	   every	   spot	   was	   calculated.	   Furthermore,	   the	  phosphorylated	   fraction	   (α)	   at	   every	   pixel	   was	   derived	   from	   the	   τφ	   and	   τm	  measured	   before	   and	   after	   acceptor	   addition	   using	   global	   analysis	   (Methods	  
3.9.1	   and	   3.9.2).	   Specific	   siRNA	   transfections	   may	   induce	   an	   increase	   or	   a	  decrease	  in	  the	  phosphorylated	  fraction	  (α)	  of	  EGFR	  compared	  to	  non-­‐targeting	  (NT)	   siRNA	   spots	   (Figure	   4.8).	   We	   calculated	   the	   change	   of	   EGFR	   α	  upon	  subsequent	   PTP	   perturbation	   with	   respect	   to	   the	   α	  under	   control	   (NT)	  conditions.	   All	   PTPs	   were	   arranged	   in	   an	   ascending	   order	   according	   to	   their	  induced	   changes	   in	   EGFR	   phosphorylation	   (score)	   (Figure	   4.8b).	   We	   next	  determined	   whether	   the	   induced	   scores	   of	   particular	   PTP-­‐siRNAs	   were	  significant.	  In	  comparison	  to	  previous	  performed	  PTP	  screens	  (Sacco	  et	  al.,	  2012;	  Tarcic	   et	   al.,	   2009;	   Yuan	   et	   al.,	   2010),	   the	   combination	   of	   CA	  with	   FRET-­‐FLIM	  allowed	  us	  to	  quantify	  EGFR	  phosphorylation	  in	  single	  cells	  (Grecco	  et	  al.,	  2010).	  Single	   cell	   analysis	   has	   the	   advantage	   that	   observed	   changes	   in	   EGFR	  phosphorylation	  can	  be	   tested	   for	   significance,	  which	   is	  not	  possible	   in	   studies	  where	   the	   variance	   within	   the	   analyzed	   cell	   population	   is	   not	   accessible.	  Therefore,	  we	  compared	  the	  similarity	  of	  different	  α-­‐distributions	  derived	  from	  single	   cells	   transfected	  with	   the	   same	   siRNA	   against	   the	  α-­‐distribution	   of	   cells	  transfected	   with	   non-­‐targeting	   siRNA	   (NT)	   using	   a	   two-­‐tailed	   Kolmogorov-­‐Smirnov-­‐test	  (Supplementary	  Figure	  4.S3).	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From	  the	  total	  of	  92	  tested	  siRNAs,	  we	  identified	  26	  PTPs	  which	  induce	  a	  significant	  (p-­‐value	  <	  0.2)	  increase	  in	  EGFR	  phosphorylation	  with	  a	  score	  >	  1.06	  compared	  to	  control	  cells	  (NT),	  indicating	  a	  negative	  regulatory	  function	  of	  these	  PTPs.	   The	   identified	   candidates	   in	   this	   group	   were	   highly	   diverse	   and	   also	  contained	  a	  few	  phosphatases	  that	  do	  not	  possess	  a	  reported	  phosphotyrosine-­‐specificity	   (subsection	   1.2.1).	   In	   this	   group	  we	   found	   6	   RPTPs,	   5	   NRPTPs,	   3,	  MKPs,	  6	  atypical	  DSPs,	  1	  Slingshot,	  1	  PRL,	  1	  PTEN	  and	  3	  MTMRs.	  We	  identified	  several	   PTPs	   that	  were	   described	   previously	   to	   dephosphorylate	   EGFR	   after	   5	  min	  EGF	  stimulation	  (Figure	   4.8,	   indicated	   in	  red).	  For	  example,	  we	   identified	  the	   3	   NRPTPs,	   PTPN1	   (PTP1B),	   PTPN2	   (TCPTP)	   and	   PTPN6	   (SHP1),	   in	   our	  screen.	   PTPN1	   is	   located	   at	   the	   cytoplasmic	   surface	   of	   the	   ER	   and	   it	   has	   been	  shown	   that	   it	   dephosphorylates	   EGFR	   after	   internalization	   at	   endosomal	  compartments	  (Eden	  et	  al.,	  2010;	  Haj	  et	  al.,	  2002;	  Lammers	  et	  al.,	  1993).	  Studies	  have	   shown	   that	   EGFR	   interacts	   with	   and	   is	   dephosphorylated	   by	   PTPN2	  (Tiganis	  et	  al.,	  1998).	  A	  48	  kDa	   isoform	  (TC48)	   is	   localized	  at	   the	  ER	  similar	   to	  PTPN1	   and	   dephosphorylates	   EGFR	   after	   endocytosis,	  while	   a	   shorter	   isoform	  with	  45	  kDA	  (TC45)	  is	  localized	  in	  the	  nucleus	  and	  accumulates	  in	  the	  cytoplasm	  after	   EGF	   stimulation,	  where	   it	   can	   dephosphorylate	   the	   receptor.	   In	   addition,	  PTPN6	  is	  activated	  by	  binding	  to	  the	  phosphorylated	  EGFR	  via	  its	  SH2	  domains	  that	  in	  turn,	  induces	  dephosphorylation	  of	  the	  receptor	  (Keilhack	  et	  al.,	  1998).	  It	  has	  been	  shown	  that	  several	  receptor-­‐like	  PTPs	  dephosphorylate	  EGFR	   such	  as	  PTPRF.	   Notably,	   we	   identified	   5	   additional	   RPTPs	   including	   PTPRA	   (RPTPα),	  PTPRG	   (RPTPγ),	   PTPRN	   (IA-­‐2),	   PTPRR	   (PCPTP) and	   PTPRZ1	   (RPTPζ) 	   as	  potential	   negative	   regulator.	   Moreover,	   from	   the	   analyzed	   dual-­‐specific	  phosphatases	   (DSPs)	   we	   found	   predominately	   atypical	   DSPs	   that	   where	  identified	   as	   possible	   negative	   regulators	   of	   EGFR	   phosphorylation.	   Excluding	  the	  previously	  described	  DUSP3,	  all	  other	  5	  candidates	  had	  not	  been	  associated	  with	  EGFR	  regulation	  before.	  	  	  	   Notably,	  36	  of	   the	  92	   tested	  siRNAs	  have	   induced	  a	   significant	  decrease	  (p-­‐value	  <	  0.2)	  of	  EGFR	  phosphorylation	  (score	  <	  0.95)	  compared	  to	  control	  cells,	  indicating	   a	   positive	   regulatory	   function	   of	   these	   PTPs.	   Similar	   to	   what	   was	  observed	  for	  negative	  regulators,	  the	  group	  of	  potentially	  positive	  regulators	  of	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EGFR	  was	  highly	  diverse	  and	  contained	  7	  RPTPs,	  9	  NRPTPs,	  6	  MKPs,	  6	  atypical	  DSPs,	   1	   Slingshot,	   1	   PRL,	   1	   CDC14,	   1	   PTEN,	   4	   MTMRs	   and	   1	   CDC25.	   	   In	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Figure	   4.8	   Identification	   of	   potential	   regulators	   of	   EGFR	   phosphorylation	   by	   siRNA	   CA-­‐FLIM	  after	   5	   min	   EGF.	   Stable	   transfected	   EGFR-­‐GFP	   MCF7	   cells	   were	   seeded	   on	   CA	   containing	   92	  different	  siRNA	  spots	  for	  reverse	  transfection.	  The	  phosphorylated	  fraction	  of	  EGFR-­‐GFP	  (FRET-­‐donor)	   was	   measured	   by	   FRET-­‐FLIM	   by	   using	   a	   Cy3	   conjugated	   anti-­‐pY	   antibody	   (FRET-­‐acceptor).	  Cells	  on	  CAs	  were	  stimulated	  with	  100	  ng/ml	  EGF	  (a)	  Representative	  EGFR-­‐α	  	  images	  from	  single	  spots	  containing	  cells	  reverse	  transfected	  with	  MTM1,	  non-­‐targeting	  (NT)	  or	  PTPN2	  (TCPTP)	   siRNAs.	   Corresponding	   α-­‐histograms	   are	   shown	   on	   the	   right.	   Images	   were	   acquired	  with	  a	  20x	  objective	  that	  guaranties	  a	  robust	  number	  of	  5-­‐20	  cells	  per	  CA	  spot.	  (b)	  PTP	  targeting	  siRNAs	   ordered	   according	   their	   induced	   EGFR	   phosphorylation.	   The	   average	   <α>	  from	  4	  spot	  replicats	  was	   calculated	   for	   each	   PTP	   and	   the	   non-­‐targeting	   siRNA	   (NT).	   The	   phosphorylation	  score	  of	  EGFR	  (PTP<α>	  5	  min/NT<α>	  5	  min)	  was	  calculated	  for	  each	  PTP	  siRNA	  and	  arranged	  in	  an	  ascending	  order.	  PTPs	  in	  bold	  letters	  at	  the	  x-­‐axis	  have	  been	  identified	  to	  have	  a	  p-­‐value	  <	  0.2.	  Significant	  candidates	  induced	  at	  minimum	  a	  change	  of	  <0.95	  (PTPN20B)	  or	  >	  1.06	  (PTP4A1)	  in	  score	  (as	  indicated	  by	  the	  black	  dotted	  lines).	  PTPs	  in	  these	  two	  areas	  highlighted	  in	  green	  or	  red	  indicate	   candidates,	   which	   are	   known	   as	   positive	   or	   negative	   regulators	   of	   EGFR	  phosphorylation.	  The	  data	  shown	  in	  this	  figure	  was	  kindly	  provided	  by	  P.	  Roda-­‐Navarro.	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4.3.2	  	   Identification	  of	  EGFR	  regulators	  by	  expression	  screening	  	  	  Next,	   we	   employed	   ectopic	   expression	   of	   PTPs	   to	   examine	   possible	   reciprocal	  effects	   to	   those	   obtained	   in	   siRNA-­‐transfected	   cells.	   We	   used	   our	   in-­‐house	  mCitrine-­‐PTP	   library	   to	   increase	   the	   expression	   of	   specific	   PTPs	   growing	   on	  array	   spots	   and	   confirmed	   the	   expression	   and	   the	   correct	   localization	   of	   all	  chosen	  fluorescent	  PTP	  versions	  by	  transfection	  in	  MCF7	  cells	  (data	  not	  shown).	  To	  avoid	  mislocalization	  of	  PTPs	  by	  the	  mCitrine	  fusion,	  we	  selected	  either	  the	  C-­‐terminal	  or	  N-­‐terminal	  fusion	  depending	  on	  existing	  localization	  sequences.	  The	  observed	   localization	   of	   each	   PTP	   was	   compared	   with	   the	   known	   localization	  provided	   by	   Universal	   Protein	   Resource	   (UniProt)	   database	   and	   LOCATE	   –	  subcellular	   localization	  database.	   The	   complete	   list	   of	   chosen	   fluorescent	   PTPs	  and	   their	   localization	   is	   provided	   in	   (Appendix	   6.3).	   To	   take	   into	   account	   the	  subcellular	   localization	   of	   expressed	   fluorescent	   PTPs,	   a	   higher	   resolution	   40x	  objective	   was	   used	   in	   the	   following	   cDNA	   CA-­‐FLIM	   experiments.	   We	   also	  increased	   the	   number	   of	   spot	   replicates	   per	   PTP	   from	   the	   previous	   4	   to	   11	  spots/array	   to	   guarantee	   a	   sufficient	   cell	   number	   to	   increase	   our	   statistical	  confidence.	   Therefore,	   we	   divided	   51	   chosen	   PTPs	   into	   two	   individual	   CA	  experiments.	   Screening	   experiments	   were	   performed	   with	   an	   EGFR-­‐mTFP	   as	  FRET-­‐donor	   together	  with	   a	   Cy3.5	   labeled	   anti-­‐pY	   antibody	   as	   FRET-­‐acceptor.	  The	  PTP-­‐mCitrine	  collection	  of	  cDNA	  plasmids	  was	  spotted	  together	  with	  EGFR-­‐mTFP	  for	  co-­‐transfection	  on	  CA	  spots.	  MCF7	  cells	  were	  seeded	  on	  CA	  replicates	  and	   incubated	   for	   24	   hours	   for	   reverse	   transfection.	   Cells	   growing	   on	   arrays	  were	  stimulated	  for	  5	  min	  EGF	  and	  then	  fixed.	  To	  improve	  the	  number	  of	  imaged	  cells	  expressing	  EGFR	  and	  PTP	  we	  performed	  a	  subpositioning	  at	  every	  CA	  spot.	  After	   setting	   the	   spot	   grid	   by	   reference	  positions,	   a	   fast	   acquisition	  of	   the	  TFP	  and	  Citrine	  channel	  was	  performed	  at	  every	  spot	  by	  a	  10x	  objective.	  Pixel	  binned	  scores	  were	  used	  to	  calculate	   the	  optimal	  position	  on	  the	   image	  overlay	  where	  both	   channels	   showed	   the	   optimal	   collective	   brightness	   (Methods	   3.7.7).	   The	  difference	   in	   x	   and	   y	   coordinates	   between	   the	   spot	   center	   and	   the	   optimal	  position	  was	  calculated	  for	  every	  spot.	  In	  this	  way,	  every	  spot	  center	  was	  shifted	  according	   to	   (x,y)	   coordinates,	   resulting	   in	   an	   optimal	   intensity-­‐corrected	   CA	  spot	  grid.	  After	  spot	  subpositioning,	  automated	  FLIM-­‐stacks	  of	  EGFR-­‐mTFP	  and	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fluorescence	   images	   of	   Citrine	   were	   acquired	   with	   a	   40x	   objective.	   The	  phosphorylated	   fraction	   of	   EGFR-­‐mTFP	   derived	   from	   the	  measured	   τφ	   and	   τm	  was	   calculated	   by	   global	   analysis.	   We	   observed	   a	   change	   in	   the	   fraction	   of	  phosphorylation	  of	  EGFR	  after	  5	  min	  EGF	  stimulation	  when	  specific	  PTPs	  were	  expressed	  in	  MCF7	  cells	  (Figure	  4.9a).	  As	  done	  for	  the	  siRNA	  screen,	  α scores	  of	  	  upon	  specific	  PTP	  expression	  were	  calculated	  with	  respect	  to	  unperturbed	  cells.	  PTPs	  are	  presented	  in	  an	  ascending	  order	  according	  to	  their	   induced	  change	  in	  phosphorylation	  	   (Figure	   4.9b).	   To	   determine	   which	   PTPs	   induce	   significant	  changes	   in	   EGFR	   phosphorylation	   a	   two-­‐tailed	   Kolmogorov-­‐Smirnov-­‐test	   was	  performed	  as	  described	  for	  the	  siRNA	  screen	  (Supplementary	  Figure	  4.S4).	  We	  could	  identify	  17	  PTPs	  out	  of	  51	  that	  showed	  either	  a	  significant	  (p	  value	  <	  0.2)	  reduction	  with	  a	  score	  <	  0.95	  or	  a	  significant	  enhancement	  with	  a	  score	  >	  1.06	  
(Figure	   4.9b).	   For	   example,	   we	   identified	   a	   significant	   reduction	   of	   EGFR	  phosphorylation	  upon	  ectopic	  expression	  of	  PTPN1	  or	  PTPN2	  (TC45)	  indicating	  a	   negative	   effect	   of	   these	   enzymes.	   Furthermore,	   we	   observed	   a	   stronger	  reduction	  of	  EGFR	  phosphorylation	  when	  the	  third	  isoform	  of	  PTPN2	  (TC41)	  was	  expressed,	  which	  is	  the	  version	  lacking	  the	  NLS.	  On	  the	  other	  hand,	  we	  measured	  a	   significant	   increase	   of	   EGFR	   phosphorylation	  when,	   for	   example,	  MTM1	  was	  ectopically	  expressed.	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Figure	  4.9	  Identification	  of	  regulators	  of	  EGFR	  phosphorylation	  by	  cDNA	  CA-­‐FLIM	  after	  5	  min	  of	  EGF.	   (a)	   Representative	   images	   from	   CA	   spots	   containing	   cells	   expressing	   MTM1-­‐mCitrine	   or	  PTPN2–mCitrine	   together	   with	   EGFR-­‐mTFP.	   Images	   of	   EGFR-­‐α	  and	   the	   corresponding	  
α-­‐histograms	   are	   shown	   on	   the	   right.	   (b)	   The	   average	   <α>	   of	   EGFR	   upon	   the	   expression	   of	   a	  specific	  PTP	  from	  11	  spot	  replicats	  was	  calculated.	  The	  phosphorylation	  score	  of	  EGFR	  (PTP<α>	  5	  min/contr<α>	  5	  min)	  upon	  PTP	  expression	  was	  calculated	  and	  arranged	   in	  ascending	  order.	  PTPs	   in	   bold	   letters	   at	   the	   x-­‐axis	   have	   been	   identified	   to	   have	   a	   p-­‐value	   <	   0.2.	   Significant	  candidates	  induced	  either	  a	  change	  of	  <0.95	  (PTPN22)	  or	  >1.06	  (DUSP7).	  Borders	  are	  indicated	  by	   the	  black	  dotted	   lines.	   PTPs	  highlighted	   in	   red	   indicate	   known	  negative	   regulators	   of	   EGFR	  phosphorylation	  in	  this	  area.	  	  	  	  	  
Results	  	  
	   	   	  	  116	  
	   To	  statistically	  validate	  the	  reciprocal	  effect	  of	  these	  14	  identified	  PTPs,	  we	   tested	  which	  candidates	   induce	  a	   significant	   change	   (p	  value	  <	  0.1)	   in	  both	  the	   cDNA	  and	   the	   siRNA	  experiment	  using	   the	  previously	  described	   two-­‐tailed	  KS	   test.	   In	   addition	   to	   PTPN1	   and	   PTPN2,	   we	   also	   statistically	   validated	   3	  previously	   uncharacterized	   regulators	   of	   EGFR	   phosphorylation,	   the	   negative	  regulator	  PTPRA,	  and	  two	  positive	  regulators	  MTM1	  and	  DUSP7.	  	  	   First	  evidence	  that	  PTPRA	  might	  play	  a	  role	  in	  EGFR	  regulation	  has	  been	  shown	  by	  the	  work	  from	  Tran	  and	  colleagues	  (2003).	  They	  observed	  that	  ligand	  induced	  autophosphorylation	  of	  EGFR	   is	   reduced	   in	  near	  senescent	   fibroblasts,	  which	  was	  associated	  with	  a	  global	   increase	   in	  PTP	  activity	   (Tran	  et	  al.,	  2003).	  The	  authors	  observed	  a	  higher	  expression	  level	  of	  PTPN1,	  PTPN6	  and	  PTPRA	  in	  these	   cells	   suggesting	   a	   negative	   regulatory	   function	   for	   PTPRA,	   similar	   to	  PTPN1	  and	  PTPN6.	  PTPRA	  activity	  is	  regulated	  by	  phosphorylation	  of	  two	  serine	  residues	  (S180	  and	  S204)	  by	  PKC	  (Tracy	  et	  al.,	  1995)	  and	  it	  can	  be	  assumed	  that	  EGFR-­‐mediated	   activation	   of	   PKC	   enhances	   the	   activity	   of	   PTPRA	   after	   EGF	  stimulation.	   On	   the	   other	   hand,	   PTPRA	   has	   been	   associated	   as	   RTK	   supporter	  because	  of	  its	  function	  as	  Src	  activator.	  The	  associated	  of	  Src	  with	  PTPRA	  leads	  to	  a	  destabilization	  of	  the	  internal	  Src-­‐pY527	  interaction	  that	  might	  promote	  kinase	  activity	   but	   also	   exposes	   pY527	   to	   be	   dephosphorylated	   by	   activated	   PTPRA	  (Pallen,	   2003).	   However,	   a	   PTPRA/Src	   mediated	   increase	   of	   EGFR	  phosphorylation	   has	   not	   been	   observed	   so	   far.	   PTPRA	   is	   involved	   in	   insulin	  signaling	   and	   dephosphorylates	   the	   activated	   insulin	   receptor	   (INSR),	  supporting	  instead	  a	  negative	  regulatory	  function	  (Lacasa	  et	  al.,	  2005;	  Lammers	  et	   al.,	   1997).	   One	   report	   has	   shown	   that	   PTPRA	   is	   able	   to	   dephosphorylate	   a	  small	   phosphopeptide	   in	   vitro	   containing	   the	   EGFR	   pY1068	   site	   in	   an	   in	   vitro	  substrate	  screen	  (Barr	  et	  al.,	  2009).	  Consistent	  with	  our	  results,	  we	  suggest	  that	  PTPRA	   might	   interact	   and	   dephosphorylate	   EGFR	   immediately	   after	   EGF	  stimulation.	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Figure	  4.10	  Reciprocal	  effects	  of	  PTPs	  in	  EGFR	  phosphorylation.	  Phosphorylation	  scores	  of	  EGFR	  (PTP<α>	  5	  min/contr<α>	  5	  min)	  derived	   from	  siRNA	  (and	  cDNA	  screens	  were	   combined.	  Red	  and	   green	   lines	   indicate	   the	   areas	   in	   which	   significant	   changes	   (p	   value	   <	   0.2)	   in	   score	   were	  obtained	  as	  indicated	  in	  Figure	  4.8	  and	  4.9.	  PTPs	  that	  induced	  a	  significant	  change	  (p	  value	  <	  0.1)	  in	  both	  siRNA	  and	  cDNA	  screenings	  are	  highlighted	  with	  a	  yellow	  dots.	  	   	  	  Different	  studies	  have	  demonstrated	  that	  MTM1	  functions	  in	  intracellular	  membrane	  trafficking	  and	  vesicular	  transport	  because	  of	   its	  specificity	  towards	  PtdIns3P	   and	   PtdIns(3,5)P2.	   (Backer,	   2000;	   Michell	   et	   al.,	   2006).	   MTM1	   is	  recruited	   to	   early	   endosomes	   (Cao	   et	   al.,	   2007)	   and	   local	   loss	   of	   PtdIns3P	   at	  endosomal	   compartments	   disturbs	   the	   maturation	   process	   resulting	   in	  microtubule-­‐dependent	   tubularization	   of	   the	   endosomal	   network	   (Fili	   et	   al.,	  2006).	  It	  has	  been	  shown	  that	  MTM1	  recruitment	  to	  late	  endosomes	  inhibits	  the	  transport	  of	  EGFR	   to	   lysosomal	   compartments,	  which	   increases	   the	   stability	  of	  EGFR	  (Tsujita	  et	  al.,	  2004).	  Consistent	  with	  this	  result	  a	  delayed	  EGF-­‐degradation	  in	   cells	   with	   a	   tubularized	   network	   has	   been	   reported	   (Fili	   et	   al.,	   2006).	   Our	  result	   shows	   that	   MTM1	   expression	   increases	   the	   fraction	   of	   EGFR	  phosphorylation	   after	   5	   min	   EGF	   stimulation,	   which	   was	   not	   described	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previously.	  By	  inspecting	  the	  EGF-­‐induced	  translocation	  of	  MTM1,	  we	  observed	  that	  MTM1	   transiently	   co-­‐localizes	  with	   EGFR	   at	  membrane	   structures	   after	   5	  min	  EGF	  stimulation	  (Supplementary	  Figure	  4.S5).	  We	  assume	  that	  the	  ectopic	  expression	  of	  MTM1,	  might	   induce	  an	  accumulation	  of	  EGF-­‐EGFR	  complexes	   in	  early	   endosome	   structures	   by	   inhibiting	   the	   maturation	   towards	   lysosomal	  degradation.	  The	  increased	  receptor	  density	  in	  such	  endosomes	  could	  induce	  the	  overall	  higher	  phosphorylated	  fraction	  of	  EGFR.	  On	  the	  other	  hand,	  silencing	  of	  MTM1	   resulted	   in	   a	   decreased	   level	   of	   EGFR	  phosphorylation.	  MTM1	   silencing	  might	   induce	   an	   accelerated	   degradation	   of	   ligand	   bound	   EGFR,	   which	   could	  explain	   the	   early	   loss	   of	   phosphorylated	   receptor.	   However,	   first	  MVBs/lysosomal	  complexes	  are	   formed	  15-­‐20	  min	  after	   internalization	  (Sorkin	  and	   Goh,	   2008)	   and	   the	   early	   reduction	   of	   EGFR	   phosphorylation	   cannot	   be	  explained	  by	  receptor	  degradation	  alone.	  In	  contrast	  to	  MTM1	  expression,	  rather	  assume	  that	  MTM1	  silencing	  reduces	  the	  EGF-­‐EGFR	  density	  in	  early	  endosomes	  by	   accelerating	   the	   vesicular	   maturation	   that	   might	   induce	   the	   lower	  phosphorylation.	  	   DUSP7	   (MKP-­‐X,	   PYST2)	   belongs	   to	   the	   group	   of	   MAPK-­‐phosphatases	  (MKPs)	   that	   act	   as	   negative	   regulators	   of	   MAPK	   activity	   (Keyse,	   2008)	   and	   a	  positive	  regulatory	  function	  in	  EGFR	  signaling	  has	  not	  been	  described	  so	  far	  for	  this	   enzymes.	   MKPs	   share	   a	   specific	   N-­‐terminal	   targeting	   motif	   (CH2)	   that	   is	  required	   for	   substrate	   interactions	   with	   MAPKs	   including	   Erk,	   Jnk	   and	   p38	  (Owens	   and	   Keyse,	   2007).	   In	   particular,	   DUSP7	   showed	   a	   predominantly	  substrate	  specificity	  for	  Erk	  and	  only	  lower	  specificity	  for	  other	  MAPKs	  (Dowd	  et	  al.,	   1998).	   Interaction	   of	   DUSP7	   with	   Erk	   has	   induced	   DUSP	   activation	   and	  dephosphorylation	   of	   Erk.	   DUSP7	   belongs	   to	   the	   cytosolic	  MKPs	   and	   regulates	  Erk	   in	   the	   cytosol	   (Dowd	   et	   al.,	   1998).	   It	   is	   unclear	   how	   DUSP7	   supports	   the	  phosphorylation	  of	  EGFR	  after	   ligand-­‐induced	  activation	  but	   it	   can	  be	  assumed	  that	  this	  phosphatase	  regulates	  a	  negative	  feedback	  from	  Erk	  to	  EGFR	  (Prahallad	  et	  al.,	  2012).	  As	  previously	  described	  in	   section	  1.1,	  Erk	  activates	  CDC25C	  that	  in	  turn	  dephosphorylates	  EGFR	  after	  EGF	  stimulation	  (Prahallad	  et	  al.,	  2012).	  We	  assume	  that	  DUSP7	  could	  reduce	  the	  activity	  of	  Erk	  and	  thereby	  enhance	  EGFR	  phosphorylation.	   Notably,	   we	   observed	   similar	   tendencies	   for	   DUSP6	   and	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4.4	   EGFR	  follows	  a	  sustained	  activation	  profile	  	  The	   first	  siRNA	  and	  cDNA	  screens	  provided	   insight	   into	  the	  regulation	  of	  EGFR	  by	  PTPs	  after	  5	  min	  EGF	  stimulation.	  During	  the	  first	  5	  min,	  EGFR	  is	  activated	  at	  the	  PM	  and	   the	   first	   endosomal	   complexes	   are	   formed	   (Verveer	   et	   al.,	   2000b).	  However,	   our	   observations	   are	   limited	   to	   a	   very	   small	   time	   window	   and	   can	  provide	  only	  a	  snapshot	  of	  which	  PTPs	  regulate	  the	  EGFR	  phosphorylation.	  We	  have	  discussed	  in	  section	  1.2.2	  that	  PTPs	  occupy	  distinct	  cellular	  locations	  and	  several	  PTPs	  might	  not	  encounter	  the	  EGFR	  at	  the	  PM	  or	  early	  endosomes	  during	  the	  first	  5	  min	  after	  EGF	  treatment.	  To	  understand	  how	  PTPs	  regulate	  the	  signal	  duration	  of	  EGFR,	  it	  is	  necessary	  to	  measure	  EGFR	  phosphorylation	  also	  at	  later	  time	  points	   to	   capture	   the	   range	  of	   influence	  of	   spatially	  distributed	  PTPs	   that	  the	   receptors	   encounter	   during	   trafficking.	   The	   complete	   internalization	   and	  degradation	  process	  occurs	  over	  a	  timescale	  much	  longer	  than	  5	  minutes	  (Wiley,	  2003)	   and,	   as	   discussed	   in	   section	   1.3.6,	   some	   PTPs	   might	   influence	   the	  trafficking	   of	   EGFR,	   resulting	   in	   different	   phosphorylation	   dynamics	   of	   the	  receptor.	  	   Therefore,	   we	   next	   measured	   the	   temporal	   phosphorylation	   profile	   of	  EGFR	   at	   0,	   5,	   30,	   and	   120	   min	   EGF	   upon	   PTP	   perturbation	   to	   address	   when	  specific	   PTPs	   regulate	   receptor	   phosphorylation.	   	   However,	   to	   study	   EGFR	  phosphorylation	  dynamics	   in	  perturbed	  cells,	   the	  unperturbed	  phosphorylation	  profile	  must	  first	  be	  defined.	  In	  the	  following	  two	  subsections	  we	  show	  how	  we	  have	  determined	   the	  phosphorylation	  profile	  of	  EGFR	  by	  western	  blot	   analysis	  and	  FRET-­‐FLIM.	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4.4.1	  	   Determination	  of	  the	  temporal	  phosphorylation	  profile	  of	  EGFR	  	  	  In	   order	   to	   determine	   the	   temporal	   EGFR	   phosphorylation	   profile,	   EGFR	  transfected	  MCF7	   cells	  were	   stimulated	   over	   a	   period	   of	   2	   hours	   and	   receptor	  phosphorylation	  was	  determined	  by	  western	  blots	  (Figure	  4.11a).	  The	  stimulus	  was	  washed	  out	  after	  5	  min	  to	  avoid	  delayed	  activation	  of	  single	  cells	  within	  the	  cell	   population,	   which	   could	   confound	   the	   determination	   of	   the	   temporal	  response	   profile.	   Such	   short	   EGF	   stimulation	   resulted	   in	   a	   sustained	   receptor	  phosphorylation	   over	   the	   complete	   period	   of	   time.	   To	   determine	   the	  concentration	   of	   EGF	   required	   for	   maximal	   stimulation	   of	   the	   entire	   cell	  population,	   we	   stimulated	   EGFR	   transfected	   MCF7	   cells	   with	   a	   range	   of	   EGF	  concentrations	   and	   performed	   western	   blot	   analysis	   (Supplementary	   Figure	  
4.S6).	   In	   order	   to	   ensure	   that	   most	   of	   the	   cells	   within	   the	   population	   are	  activated	   following	   stimulation,	   we	   determined	   that	   a	   dose	   of	   200	   ng/ml	   is	  required	   for	   future	   screening	   experiments.	   To	   validate	   the	   observed	   sustained	  phosphorylation	   profile	   of	   EGFR	   in	   MCF7	   cells	   we	   performed	   the	   same	  experiments	  with	  HeLa	  cells	  (Figure	  4.11b).	  EGFR	  transfected	  HeLa	  and	  MCF7	  cells	   showed	   both	   a	   sustained	   profile	   over	   the	   duration	   of	   2	   hours,	   which	   is	  consistent	   with	   previous	   reports	   (Hsu	   et	   al.,	   2011;	   Wouters	   and	   Bastiaens,	  1999).	   In	   summary,	   ectopic	   expression	   of	   fluorescent	   EGFR	   fusion	   proteins	  mimics	   the	   EGF-­‐induced	   sustained	   phosphorylation	   of	   EGFR	   observed	   in	  epithelial	   cancer	   cells	   that	   endogenously	   express	   high	   levels	   of	   the	   receptor	  (Hyatt	  and	  Ceresa,	  2008;	  Sturani	  et	  al.,	  1988).	  In	  addition,	  our	  result	  shows	  that	  EGFR	   expression	   remains	   elevated	   for	   at	   least	   2	   hours	   after	   stimulation,	  indicating	  that	  the	  receptor	  does	  not	  undergo	  rapid	  degradation.	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4.4.2	  	   EGFR	  phosphorylation	  dynamics	  measured	  by	  FLIM	  
	  Next	  we	  compared	  the	  EGFR	  phosphorylation	  profile	  as	  determined	  by	  western	  blot	   analysis	  with	   the	   spatial	   EGFR	  phosphorylation	  profile	   obtained	  by	  FRET-­‐FLIM	   (Figure	   4.12a).	   Compared	   to	   the	   basal	   phosphorylation	   level	   under	  starved	   conditions,	   2	   min	   EGF	   of	   stimulation	   induces	   an	   immediate	  phosphorylation	   of	   EGFR	   at	   the	   PM.	   After	   5	  min,	   the	   phosphorylated	   receptor	  becomes	   internalized	   and	   propagates	   inside	   the	   cell.	  Moreover,	   the	   number	   of	  endosomes	   increases	   over	   time	   and	   the	   phosphorylated	   receptor	   is	   trafficked	  deeper	  into	  the	  cytosol.	  The	  average	  α	  for	  each	  time	  point	  in	  a	  population	  of	  cells	  showed	   a	   sustained	   phosphorylation	   profile	   of	   EGFR	   over	   2	   hours	   (Figure	  
4.12b).	   This	   experiment	   confirms	  our	   result	  obtained	  by	  biochemical	  methods	  shown	  previously	  in	  subsection	  4.4.1.	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Figure	   4.12	   Quantification	   of	   the	   EGFR	   phosphorylation	   profile	   with	   FRET-­‐FLIM.	   (a)	   EGFR-­‐mCitrine	  transfected	  MCF7	  cells	  were	  stimulated	  with	  200	  ng/ml	  EGF	  and	  fixed	  at	  different	  time	  points	  as	  indicated.	  The	  stimulus	  was	  washed	  out	  after	  5	  min	  incubation	  at	  all	  condition	  (except	  for	  2	  min).	  A	  representative	  image	  of	  EGFR-­‐mCitrine	  with	  the	  FRET-­‐acceptor	  staining	  (pY-­‐Cy3.5),	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4.5	  PTPs	   can	  be	   classified	   according	   to	   their	   functional	   role	   in	  
EGFR	  signaling	  
	  In	  the	  following	  section	  we	  want	  to	  address	  the	  question	  how	  PTPs	  regulate	  the	  duration	  of	  ligand-­‐induced	  EGFR	  phosphorylation.	  However,	  a	  limiting	  factor	  of	  siRNA	  CA-­‐screenings	  is	  that	  it	  is	  difficult	  to	  determine	  the	  extent	  of	  protein	  down	  modulation	   in	   individual	  cells	  or	  spots.	   In	  previous	  studies,	   immunofluorescent	  (IF)	   staining	  has	  been	  used	   to	  detect	  down	  modulation	  of	  proteins	  growing	  on	  siRNA	   loaded	   spots	   (Mousses	   et	   al.,	   2003).	  The	  problem	  with	   this	   technique	   is	  that	  such	  tests	  are	  limited	  to	  the	  quality	  and	  availability	  of	  antibodies	  against	  the	  target	  proteins.	  An	  antibody	  stain	  would	  only	  detect	  the	  down-­‐modulation	  of	  one	  particular	  PTP	  on	  the	  CA	  that	  is	  not	  practical	  for	  multiple	  siRNAs.	  We	  have	  tested	  the	  overall	  transfection	  efficiency	  on	  siRNA	  spots	  by	  using	  a	  fluorescently	  labeled	  siRNA	   (Figure	   4.4).	   These	   control	   spots	   indicated	   a	   high	   reverse-­‐transfection	  efficiency	   with	   MCF7	   cells	   with	   our	   used	   CA	   protocol.	   While	   this	   control	  experiment	   provides	   no	   indication	   of	   the	   efficiency	   of	   individual	   siRNAs	   to	  down-­‐modulate	   their	   target	   protein,	   but	   it	   does	   provide	   evidence	   that	   the	  majority	  of	  cells	  should	  be	  transfected	  by	  siRNA	  on	  spots.	  	   For	   our	   overexpression	   screen,	   on	   the	   other	   hand,	   the	   perturbation	   of	  cells	  can	  easily	  be	  confirmed	  by	  monitoring	  the	  fluorescence	  of	  the	  heterologous	  expression	   of	   mCitrine-­‐fused	   PTPs.	   Furthermore,	   cells	   without	   PTP-­‐mCitrine	  expression	  can	  be	  excluded	  from	  the	  data	  analysis.	  One	  other	  advantage	  of	  cDNA	  screenings	  is	  that	  the	  localization	  of	  each	  PTP	  can	  be	  directly	  compared	  with	  the	  spatial	  distribution	  of	  EGFR.	  We	  therefore	  decided	  to	  perform	  our	  time	  resolved	  experiments	   in	   our	   expression	   CAs.	   The	   collection	  was	   again	   divided	   into	   two	  individual	  screens	  with	  2	  x	  384	  spots	  to	  guaranty	  at	  minimum	  11	  spot	  replicates	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for	   each	   PTP.	   The	   FRET-­‐donor,	   EGFR-­‐mTFP	   was	   co-­‐transfected	   together	   with	  different	  PTP-­‐mCitrine	  fusion	  proteins	  on	  CA	  spots,	  as	  described	  previously.	  For	  each	   screen,	   MCF7	   cells	   were	   seeded	   on	   4	   CA	   replicates	   to	   stimulate	   them	  individually	  with	   EGF	   for	   0,	   5,	   30	   and	   120	  min.	   After	   setting	   the	   spot	   grid	   by	  reference	  positions,	  a	  fast	  acquisition	  of	  the	  TFP	  and	  Citrine	  intensity	  was	  used	  for	   spot	   subpositioning	   to	   optimize	   the	   number	   of	   co-­‐transfected	   cells.	   FLIM-­‐stacks	   of	   EGFR-­‐mTFP	   and	   fluorescence	   images	   of	  mCitrine	  were	   automatically	  acquired	  on	  every	   spot	  position	   in	   all	   4	  CAs	  mounted	  at	   the	  microscope	   stage.	  FLIM-­‐stacks	   were	   acquired	   in	   absence	   and	   in	   presence	   of	   the	   FRET-­‐acceptor	  (anti-­‐pY-­‐Cy3.5).	  The	  α-­‐image	  of	  EGFR-­‐mTFP	  was	  calculated	  for	  each	  CA	  position	  and	   time	   point	   using	   global	   analysis.	   The	   images	   were	   then	   segmented	   into	  single	   cells	   using	   EGFR	   intensity,	   and	   the	   average-­‐α	  per	  cell	  was	  calculated	  
(Methods	   3.9.3).	   Cells	   without	   mCitrine	   expression,	   which	   serves	   as	   an	  indicator	   of	   PTP	   perturbation	   were	   excluded	   from	   the	   analysis.	   The	  corresponding	  EGFR	  phosphorylation	  profile	  when	  a	  given	  PTP	   is	  perturbed	   is	  shown	  in	  (Figure	  4.13).	  Averages	  of	  α	  were	  calculated	   from	  cells	  expressing	  a	  certain	   PTP	   and	   divided	   with	   the	   average-­‐α	  from	  unperturbed	  cells	  at	   the	  corresponding	  time	  point.	  This	  procedure	  was	  done	   for	  both	  cDNA	  screens	  and	  the	   data	   were	   combined.	   The	   temporal	   profiles	   obtained	   indicate	   that	   several	  PTPs	   induced	   a	   change	   of	   EGFR	   phosphorylation	   over	   the	   entire	   experimental	  duration,	  including	  known	  negative	  regulators	  of	  EGFR	  such	  as	  PTPN1	  (PTP1B)	  and	  the	  two	   isoforms	  of	  PTPN2	  (TC41	  and	  TC45).	  Furthermore,	  we	  observed	  a	  similar	   negative	   regulatory	   function	   for	   the	   full	   duration	   for	   PTPRA,	   a	   PTP	  identified	  already	  as	  early	  regulator	  in	  our	  first	  siRNA/cDNA	  screen.	  Other	  PTPs	  however,	   change	   the	   EGFR	   profile	   only	   at	   distinct	   time	   points.	   For	   example	  PTPN6	   (SHP1)	   decreases	   the	   phosphorylation	   of	   EGFR	   only	   at	   5	   min.	  Furthermore,	  several	  PTPs	  also	  induced	  changes	  of	  EGFR	  phosphorylation	  prior	  to	   the	  addition	  of	  EGF.	  By	  expanding	  our	  observation	   to	  additional	   time	  points	  several	  PTPs	  previously	  described	   in	  the	   literature	  as	  negative	  regulators	  were	  identified	   to	  modulate	   EGFR	   phosphorylation	   (e.g.	   PTPN9	   and	   PTPRK)	   (Table	  
1.1).	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Figure	   4.13	   Time	   courses	   of	   the	   change	   in	   EGFR	   phosphorylation	   according	   different	   PTP	  expressions.	   The	   change	   in	   phosphorylation	   induced	   by	   a	   PTP	   at	   a	   distinct	   time	   point	   was	  normalized	  to	  the	  phosphorylated	  level	  under	  control	  conditions	  (score	  =	  PTP<cell-­‐α>(x	  min)	  /	  Ctrl<cell-­‐α>(x	  min)).	   PTPs	   are	   sorted	   by	   the	   change	   upon	   5	  min	   EGF.	   Scores	   ranged	   from	   0.5	  decreasing	  (blue)	  to	  1.5	  increasing	  (red).	  MCF7	  cells	  growing	  on	  CAs	  were	  stimulated	  with	  200	  ng/ml	  EGF	  for	  the	  indicated	  time	  points.	  The	  data	  from	  both	  cDNA	  collections	  were	  combined	  in	  the	  presented	  graph	  (From	  the	  total	  of	  51	  cDNAs	  we	  excluded	  7	  candidates	  from	  the	  analysis	  due	  to	  a	  insufficient	  cell	  number).	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To	   address	   the	   question	   whether	   different	   PTPs	   regulate	   the	   EGFR	  phosphorylation	   dynamics	   in	   a	   similar	   way	   we	   applied	   a	   novel	   classification	  method,	  which	  allowed	  us	  to	  group	  PTPs	  according	  to	  their	  regulatory	  function.	  	  	  	  
4.5.1	  	   Classification	   of	   PTPs	   by	   the	   change	   of	   EGFR	   phosphorylation	  
profiles	  	  
	  To	   classify	   PTPs	   according	   to	   their	   temporal	   activity,	   we	   assumed	   that	  similarities	   in	  the	  EGFR	  phosphorylation	  profiles	  obtained	  upon	  individual	  PTP	  perturbation	   indicate	   a	   comparable	   regulatory	   role	   of	   the	   corresponding	  phosphatases.	  To	  address	  this	  objective,	  we	  mapped	  the	  shape	  of	  the	  differently	  perturbed	   EGFR	   phosphorylation	   profiles	   by	   translating	   them	   into	   symbol	  sequences.	   In	   this	   way,	   PTPs	   that	   induce	   similar	   EGFR	   dynamics	   could	   be	  grouped	   together.	   This	   novel	   “response-­‐based”	   clustering	   approach	  was	   based	  on	  the	  principle	  of	  ordinary	  patterns	  (Hempel	  et	  al.,	  2011)	  and	  was	  provided	  by	  A.	  Koseska	  (Methods	  3.9.4).	  To	  verify	  that	  the	  EGFR	  response	  profile	  obtained	  by	  averaging	  the	  phosphorylation	  values	  over	  large	  number	  of	  cells	  at	  different	  time	  points	  is	  a	  good	  representation	  of	  the	  phosphorylation	  profile	  as	  measured	  in	   single	   cells	   over	   time,	   we	   generated	   synthetic	   single-­‐cell	   data	   based	   on	   the	  experimental	   EGFR	   response	   profiles,	   and	   use	   a	   permutation-­‐based	  bootstrapping	  test	  to	  identify	  and	  compare	  the	  obtained	  symbol	  sequences	  with	  the	   corresponding	   results	   from	   the	   measurements	   (Supplementary	   Figure	  
4.S7).	   This	   computational	   analysis	   showed	   that	   the	   highest-­‐ranking	   pattern	  derived	  from	  the	  synthetic	  data	  generally	  corresponds	  to	  the	  one	  obtained	  from	  the	  mean	  values	  per	   cells	   in	   the	   screening	   experiment.	   In	  order	   to	   account	   for	  cell-­‐to-­‐cell	  variance,	  which	  could	  affect	  the	  mapping	  of	  the	  patterns	  in	  this	  case,	  we	  additionally	  combined	  the	  patterns	  into	  groups	  of	  similar	  patterns	  according	  to	  their	  shape	  (Supplementary	  Figure	  4.S8).	  This	  allowed	  classification	  of	  PTPs	  into	   5	   distinct	   groups	   (I-­‐V)	   according	   to	   their	   temporal	   regulatory	   function	   on	  EGFR	   phosphorylation	   (Figure	   4.14	   a).	   As	   discussed	   in	   the	   beginning	   of	   this	  section,	  the	  cDNA	  screen	  was	  performed	  in	  two	  sequential	  rounds	  to	  guarantee	  a	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sufficient	   number	   of	   cells	   for	   analysis.	   The	   clustering	   method	   described	   was	  applied	  to	  both	  PTP	  collections	  individually.	  We	  always	  included	  PTPN1	  (PTP1B)	  and	   the	   third	   isoform	   of	   PTPN2	   (TC41)	   in	   every	   screening	   experiment	   as	  controls	  because	  of	  their	  reliable	  negative	  regulation.	  To	  validate	  the	  robustness	  of	   the	  PTP	   classification	   obtained,	  we	  determined	   the	   significance	   that	   a	   given	  PTP	  is	  classified	   in	  one	  of	   the	  5	  groups	  by	  ranking	  the	   identified	  shapes	  over	  5	  different	  screening	  experiments	  for	  both	  PTP	  collections	  (Figure	  4.14	  b,	  c).	  
	  Approximately	  38	  %	  of	   the	   investigated	  PTPs	  were	  classified	   in	  group	   I,	  which	  showed	  a	  sustained	  phosphorylation	  profile	  with	  a	   shape	  similar	   to	   the	  unperturbed	  control	  profile.	  However,	  several	  PTPs	  within	  this	  group	  induced	  a	  reduction	  of	  the	  phosphorylation	  amplitude	  of	  EGFR	  while	  keeping	  the	  sustained	  shape	  of	   the	  profile.	   PTPN1	  as	  well	   as	  PTPN9,	  PTPRA	  and	   the	   two	   isoforms	  of	  PTPN2	  (TC45	  and	  TC41)	  produce	  such	  a	  profile.	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Figure	  4.14	  Response-­‐based	  classification	  of	  PTPs.	  (a)	  Possible	  shapes	  of	  EGFR	  phosphorylation	  profiles	  obtained	  from	  single	  cell	  variation	  (5	  shapes	  indicated	  in	  colors).	  Temporal	  α-­‐profiles	  of	  EGFR	   upon	   corresponding	   PTP	   expression	   from	   the	   two	   cDNA	   collections	   1	   (b)	   and	   2	   (c).	  Resulting	  α-­‐profiles	  were	  classified	  into	  the	  5	  shapes	  (I-­‐V)	  indicated	  in	  the	  corresponding	  color	  in	   (a).	   Classification	  were	   performed	   on	   the	   bases	   of	   5	   individual	   screenings	   in	   each	   case.	   For	  each	   cDNA	   collection	   one	   representative	   data	   set	   of	   the	   5	   replicates	   is	   shown.	   Dotted	   line	   in	  group	  I	  divides	  PTPs	  that	  showed	  a	  change	  in	  the	  phosphorylation	  amplitude	  of	  EGFR.	  Response-­‐based	  clustering	  of	  EGFR	  profiles	  was	  performed	  by	  A.	  Koseska.	  	  	  In	   contrast	   to	   the	   ER	   localized	   PTPN1,	  TC45	   is	   localized	   in	   the	   nucleus	  and	   translocate	   to	   the	  cytoplasm	  upon	  EGF	  stimulation	  where	   it	   interacts	  with	  EGFR	  (Tiganis	  et	  al.,	  1998).	  This	  translocation	  was	  observed	  at	  15	  min	  after	  EGF	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stimulation.	  Our	  data	  additionally	   indicate	  that	  the	  translocation	  of	  TC45	  might	  occur	  immediately	  after	  stimulation	  because	  we	  observed	  an	  early	  reduction	  of	  EGFR	  phosphorylation	  after	  5	  min	  EGF.	  The	  C-­‐terminus	  of	  TC45	  contains	  the	  NLS	  that	   regulates	   its	   localization	   but	   also	   an	   autoregulatory	   site	  which	  modulates	  the	  activity	  of	  TC45	  via	  a	  reversible	  intramolecular	  interaction	  with	  the	  catalytic	  domain	  (Hao	  et	  al.,	  1997).	  The	  same	  authors	  have	  shown	  that	  the	  removal	  of	  20	  C-­‐terminal	  residues	  was	  sufficient	   to	  activate	   the	  enzyme.	  The	  sequence	  of	   this	  truncated	  mutant	  is	  almost	  equivalent	  to	  the	  third	  isoform	  of	  PTPN2	  (TC41).	  In	  our	   screening	   we	   observed	   that	   TC41	   expression	   nearly	   prevents	   EGFR	  phosphorylation	   after	   ligand	   stimulation.	   The	   lack	   of	   the	   NLS	   and	   its	  autoregulatory	  motive	  of	  TC41	  might	  explain	  the	  strong	  negative	  function	  of	  this	  isoform	  when	   it	   is	  present	   in	   the	  cytoplasm	  where	   it	   can	  directly	   interact	  with	  EGFR	  without	  a	  ligand	  mediated	  translocation.	  	  	  Furthermore,	  PTPN9	  (PTP-­‐Meg2)	  was	  classified	  in	  group	  I	  and	  consistent	  with	   our	   data	   it	   has	   been	   shown	   previously	   that	   PTPN9	   reduces	   EGFR	  phosphorylation	  immediately	  (5	  min)	  but	  also	  after	  longer	  stimulation	  (30	  min)	  with	  EGF	  (Yuan	  et	  al.,	  2010).	  According	  to	  the	  limited	  resolution	  in	  our	  screens,	  we	   detected	   PTPN9	   as	   located	   generally	   in	   the	   cytoplasm	   (data	   not	   shown).	  However,	   biochemical	   analysis	   has	   been	   shown	   that	   PTPN9	   is	   in	   particular	  localized	   in	  microsomes,	   transporting	  vesicles	  and	  partially	  at	   the	  PM	  (Yuan	  et	  al.,	  2010).	  This	  suggests	  that	  PTPN9	  may	  interact	  with	  and/or	  dephosphorylate	  EGFR	   at	   the	   PM	   and	   in	   intracellular	   membrane	   compartments	   leading	   to	   the	  observed	  overall	  reduction	  of	  the	  phosphorylation	  amplitude	  of	  EGFR	  after	  EGF	  stimulation.	  	  	  Furthermore,	   PTPRA	   (RPTPα)	   that	   was	   previously	   identified	   in	   our	  primary	   siRNA/cDNA	   screen	   (Figure	   4.10)	  was	  also	   classified	   into	   group	   I.	   In	  addition,	   to	   these	   first	   experiments,	   we	   observed	   that	   PTPRA	   reduces	   EGFR	  phosphorylation	  also	  at	   later	  time	  points	  (30	  and	  120	  min	  EGF).	  To	   investigate	  how	  PTPRA	   regulates	   EGFR	   phosphorylation	   at	   late	   time	   points,	  we	   examined	  the	   localization	  of	   PTPRA	  and	  EGFR	  after	  EGF	   stimulation.	  As	  described	   in	   the	  literature	   (Lacasa	   et	   al.,	   2005)	   we	   observed	   that	   PTPRA	   was	   predominately	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present	  at	  the	  PM	  at	  normal	  growth	  conditions	  (Supplementary	  Figure	  4.S9).	  In	   contrast,	   to	   NRPTPs,	   PTPRA	   might	   not	   be	   able	   to	   access	   EGFR	   after	  internalized	  at	   late	  time	  points.	  Surprisingly,	  we	  observed	  only	  a	  small	  number	  of	   EGFR	   containing	   endosomes	   after	   5	   or	   30	   min	   stimulation	   in	   cells	   that	  ectopically	  express	  PTPRA	  (Supplementary	   Figure	  4.S10).	  This	   finding	   led	  us	  to	  hypothesize	  that	  PTPRA	  dephosphorylates	  the	  EGF-­‐EGFR	  complexes	  at	  the	  PM	  in	   such	   a	  way	   that	   downstream	   signaling	   and	   ligand-­‐induced	   internalization	   is	  inhibited.	   As	   discussed	   previously	   in	   section	   4.3.2,	   PTPRA	   showed	   substrate	  specificity	  towards	  a	  peptide	  containing	  pY1068	  of	  EGFR	  (Barr	  et	  al.,	  2009).	  This	  phosphotyrosine	   is	   one	   of	   the	   Grb2	   binding	   sites	   involved	   in	   EGFR	  internalization	   (Jiang	   et	   al.,	   2003a).	   We	   therefore	   assume	   that	   the	   PTPRA	  mediated	  dephosphorylation	  results	  in	  an	  altered	  trafficking	  behavior	  upon	  EGF	  that	  might	  favor	  the	  recycling	  pathway.	  	   In	   addition,	   we	   observed	   also	   a	   reduction	   in	   the	   phosphorylation	  amplitude	   of	   EGFR	   when	   two	   PRLs	   (PTP4A2	   and	   PTP4A3)	   were	   ectopically	  expressed	   (Figure	   4.14	   c).	   PRLs	   were	   described	   in	   the	   past	   as	   potential	  oncogenes	  when	  overexpressed	  and	  as	  phosphatases	  that	  are	  involved	  in	  cancer	  development	  (Al-­‐Aidaroos	  et	  al.,	  2013;	  Bessette	  et	  al.,	  2008;	  Hardy	  et	  al.,	  2010;	  Wang	   and	   Lazo,	   2012).	   In	   particular,	   PTP4A3	   has	   been	   described	   as	   potential	  cancer	   biomarker	   for	   assessing	   tumor	   aggressiveness	   because	   of	   PTP4A3	   up-­‐regulation	   in	  metastatic	   CRC	   (Saha	   et	   al.,	   2001).	  However,	   only	   little	   is	   known	  about	  physiological	  substrates	  of	  PRLs	  that	  could	  explain	  such	  effects.	  Recently,	  it	  has	  been	  shown	  that	  enhanced	  PTP4A3	  expression	  in	  MDA-­‐MB468	  cells,	   that	  express	   high	   levels	   of	   endogenous	   EGFR,	   mediated	   a	   reduction	   of	   PTPN1	  transcription	   and	   resulted	   in	   EGFR	   hyper-­‐phosphorylation	   (Al-­‐Aidaroos	   et	   al.,	  2013).	   This	   effect	  was	   observed	   in	   transient	  PTP4A3-­‐transfected	   cells	   after	   72	  hours	  protein	  expression.	  Surprisingly,	  we	  observed	  in	  our	  screenings	  a	  negative	  effect	  on	  EGFR	  phosphorylation	  when	  PTP4A3	  was	  ectopically	  expressed.	  Cells	  on	  CAs	  were	  incubated	  for	  24	  hours	  to	  guarantee	  PTP	  and	  EGFR	  expression	  and	  it	  might	  be	  possible	  that	  we	  could	  not	  detect	  transcriptional	  effects	  induced	  by	  a	  high	  PTP4A3	  level.	  However,	  according	  to	  our	  data	  we	  rather	  suggest	  that	  PTPA2	  and	  PTPA3	  negatively	   regulate	   EGFR	  phosphorylation	   after	   EGF	   stimulation.	   A	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unique	   structural	   feature	   of	   PRLs	   is	   that	   they	   are	   farnesylated	   and	   contain	   a	  polybasic	  region	  that	  both	  mediates	  their	  localization	  to	  the	  PM	  and	  endosomal	  structures	   (Rios	   et	   al.,	   2013)	   that	   would	   allow	   an	   association	   even	   with	  internalized	  EGFR.	  	  	   In	  our	  second	  cDNA	  collection	  we	  identified	  PTPMT	   (PLIP)	  that	  belongs	  to	  the	  phospholipid	  specific	  PTEN-­‐like	  phosphatases.	  In	  comparison	  to	  its	  direct	  relative	   PTEN	   that	   showed	   a	   substrate	   preference	   towards	   PtdIns(3,4,5)P3,	  PTPMT	   exhibits	   a	   unique	   substrate	   specificity	   for	   the	   single	   phosphorylated	  PtdIns5P	   (Pagliarini	   et	   al.,	   2004).	   It	   has	   been	   reported	   that	   PTPMT	   is	  predominantly	   localized	   in	   mitochondria	   (Pagliarini	   et	   al.,	   2005),	   but	   we	  observed	  also	  a	  cytosolic	  fraction	  in	  cells	  that	  ectopically	  expressed	  PTPMT	  (data	  not	   shown).	   PtdIns5P	   has	   been	   shown	   to	   enhance	   the	   activity	   of	   various	  myotubularin	   phosphatases	   including	   MTM1,	   presumably	   through	   allosteric	  regulation	  (Schaletzky	  et	  al.,	  2003).	  We	  identified	  MTM1	  as	  a	  potential	  positive	  regulator	  of	  EGFR	  phosphorylation	  in	  our	  first	  siRNA/cDNA	  screen	  and	  it	  can	  be	  assumed	  that	  PTPMT	  might	  regulate	  MTM1	  activity	  by	  removing	  PtdIns5P	  from	  internal	  membranes.	  	   The	   second	   defined	   group	   (group	   II)	   includes	   PTPs	   that	   act	   as	   early	  regulators,	  inducing	  a	  decrease	  in	  EGF-­‐dependent	  EGFR	  phosphorylation	  only	  at	  the	  earliest	  time	  points.	  In	  this	  group,	  the	  amplitude	  of	  EGFR	  phosphorylation	  at	  5	  min	  was	  always	  lower	  compared	  to	  unperturbed	  cells,	  but	  increased	  over	  time	  to	   eventually	   reach	   the	  phosphorylation	  amplitude	  of	  unperturbed	   cells	   at	   late	  time	   points	   (delayed	   sustained).	   For	   example,	   we	   found	   PTPN6	   (SHP-­‐1)	   and	  DUSP3	  (VHR)	  in	  this	  group	  that	  were	  described	  previously	  as	  negative	  regulators	  of	  EGFR	  (Keilhack	  et	  al.,	  1998;	  Wang	  et	  al.,	  2011).	  PTPN6	  is	  activated	  by	  binding	  to	  the	  phosphorylated	  EGFR	  via	  its	  SH2	  domains	  resulting	  in	  dephosphorylation	  of	  the	  receptor	  after	  5	  -­‐	  10	  min	  EGF	  (Keilhack	  et	  al.,	  1998;	  Vogel	  et	  al.,	  1993;	  You	  and	   Zhao,	   1997)	   that	   is	   consistent	   with	   our	   data.	   However,	   this	   negative	  feedback	   mechanism	   might	   be	   limited	   to	   early	   time	   points.	   To	   explain	   the	  increase	   of	   EGFR	   phosphorylation	   over	   time	   it	   can	   be	   assumed	   that	   PTPN6	  activates	   Src	   (Somani	   et	   al.,	   1997)	   that	   could	   in	   turn	   counteract	   against	   the	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phosphatase	   activity,	   but	   Src	   also	   phosphorylates	   PTPN6	   that	   results	   in	   an	  enhanced	   phosphatase	   activity	   (Frank	   et	   al.,	   2004).	   Moreover,	   PTPN6	   can	   be	  inhibited	  by	  ROS	  (Singh	  et	  al.,	  2005)	  and	  a	  temporally	  delayed	  inhibition	  of	  the	  phosphatase	   activity	   might	   explain	   the	   measured	   increase	   of	   EGFR	  phosphorylation.	  PTPN6	   requires	  pY1173	   for	  binding	  and	   it	  might	  be	   that	   this	  particular	  site	  is	  not	  phosphorylated	  or	  accessible	  for	  PTPN6	  at	  late	  time	  points	  (Keilhack	  et	  al.,	  1998).	  	  	  In	  addition,	  three	  other	  cytosolic	  NRPTPs	  were	  classified	  in	  group	  II,	  such	  as	   PTPN14	   (PEZ,	   PTPD2),	   PTPN18	   (PTP-­‐HSCF)	   and	   PTPN20B	   (TypPTP).	  According	   to	   its	   domain	   structure	   PTPN14	   is	   a	   direct	   relative	   of	   PTPN21	  (PTPD1)	   both	   contain	   an	   N-­‐terminal	   FERM	   (four	   point	   one,	   ezrin,	   radaxin,	  moesin)	   domain	   (Alonso	   et	   al.,	   2004).	   	   FERM	  domain	   facilitates	   the	   binding	   to	  phosphoinositides	   at	   the	   PM	   and	   FERM	   domain	   containing	   proteins	   have	  emerged	   as	   important	   players	   regulating	   the	   cytoskeleton	   by	   linking	   actin	  filaments	   to	   adhesion	   proteins	   (Hurley	   and	   Meyer,	   2001).	   However,	   it	   can	   be	  assumed	  that	  the	  FERM	  domain	  of	  PTPN14	  mediates	  the	  translocation	  to	  the	  PM	  in	   a	   phosphoinositide	   dependent	  manner	   that	   could	   allow	   the	   interaction	   and	  dephosphorylation	  of	   the	  EGFR	   immediately	  after	  EGF	  stimulation.	   In	  addition,	  PTPN14	   contains	   a	   putative	   SH3-­‐binding	   motif	   that	   could	   support	   the	  recruitment	   to	   ligand-­‐induced	  EGFR	  signaling	  complexes	   (Sawada	  et	  al.,	  1994).	  The	  two	  other	  PTPs	  of	  this	  group,	  PTPN18	  and	  PTPN20B	  contain	  a	  proline-­‐rich	  domain	  (Alonso	  et	  al.,	  2004).	  Proline-­‐rich	  domains	  are	  known	  to	  mediate	  rapid	  protein-­‐protein	   interactions	  such	  as	   the	   interaction	  of	   the	  SH3	  domain	  of	  Grb2	  and	  the	  proline-­‐rich	  domain	  of	  Sos	  after	  RTK	  activation	  that	  results	  in	  the	  rapid	  activation	   of	   the	   MAPK	   cascade	   (Williamson,	   1994).	   It	   has	   been	   shown	   that	  PTPN12	  (PTP-­‐PEST),	  which	  is	  not	  included	  in	  our	  cDNA	  library,	  also	  contains	  a	  proline-­‐rich	   domain.	   PTPN12	   interacts	   and	   dephosphorylates	   EGFR	   in	   breast	  cancer	   cells	   (Sun	   et	   al.,	   2011).	   Whether	   the	   proline-­‐rich	   domain	   generally	  mediates	  recruitment	  of	  PTPs	  to	  EGFR	  needs	  to	  be	  further	  addressed.	  	  	  Beside	  the	  4	  NRPTPs	  we	  found	  additionally	  5	  DSPs	   in	  group	  II	   including	  DUSP3	   (VHR),	   DUSP4	   (MKP-­‐2),	   DUSP19	   (SKRP1),	   DUSP13b	   (TMDP)	   and	   the	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pseudophosphatase	  STYX.	  Many	  recently	  identified	  DSPs	  showed	  only	  little	  or	  no	  phosphatase	  activity	  against	  MAPKs,	  indicating	  that	  MAPK	  interaction	  is	  not	  the	  exclusive	  function	  of	  DSPs	  (Chen	  et	  al.,	  2002;	  Hood	  et	  al.,	  2002;	  Niwa	  et	  al.,	  2002;	  Wang	   et	   al.,	   2006).	   These	  DSPs	   are	   smaller	   in	   size	   and	   lack	   the	  MAPK-­‐binding	  domain	   that	   classifies	   them	   as	   atypical	   DSPs	   (Alonso	   et	   al.,	   2004).	   It	   has	   been	  shown	   that	  DUSP3	   expression	   induced	   a	   lower	   phosphorylation	   at	   early	   time	  points	  after	  EGF	  stimulation,	  which	  then	  increases	  over	  time	  (Wang	  et	  al.,	  2011),	  which	   is	   consistent	   with	   our	   classification	   of	   DUSP3.	   The	   same	   authors	   found	  that	   DUSP3	   interacts	   weakly	   with	   EGFR	   in	   absence	   of	   the	   ligand	   and	   the	  interaction	  was	  reduced	  after	  EGF	  stimulation	  that	  would	  explain	  the	  ineffective	  regulation	  of	  EGFR	  phosphorylation	  at	   late	   time	  points	   (Wang	  et	   al.,	   2011).	  To	  our	   knowledge,	   the	   other	   3	   atypical	   DSPs	   (DUSP13b,	   DUSP19	   and	   the	  pseudophosphatase	   STYX)	   were	   so	   far	   not	   associated	   with	   RTK	   regulation.	   It	  might	   be	   possible	   that	   DUSP19	   and	   DUSP13b	   also	   dephosphorylate	   EGFR,	  comparable	  to	  DUSP3.	  However,	  DUSP19	  displays	  only	  very	   low	  activity	  (Zama	  et	  al.,	  2002a)	  and	  is	  known	  as	  promoting	  scaffold	  protein	  in	  Jnk	  signaling	  (Zama	  et	  al.,	  2002a,	  b).	  Surprisingly,	  DUSP19	  showed	  a	  high	  sequence	  similarity	  to	  the	  pseudophosphatase	  STYX	  (Nunes-­‐Xavier	  et	  al.,	  2011).	  It	  has	  been	  described	  that	  pseudophosphatases	   might	   function	   as	   adaptor	   proteins,	   recruiting	   other	  “active”	   PTPs	   to	   their	   cellular	   targets	   (Alonso	   et	   al.,	   2004).	   Notably,	   STYX	  was	  recently	   identified	   as	   negative	   regulator	   of	   Erk	   (Reiterer	   et	   al.,	   2013).	   In	  particular,	   depletion	   of	   STYX	   has	   lead	   to	   an	   increased	   activity	   of	   Erk,	  whereas	  STYX	  overexpression	  has	  induced	  the	  opposite.	  According	  to	  our	  data	  we	  suggest	  an	   important	   function	   of	   such	   pseudophophatases	   that	   might	   act	   as	   scaffold	  proteins	  in	  early	  EGFR	  regulation.	  	   Furthermore,	   we	   found	   PTPs	   whose	   ectopic	   expression	   changed	   the	  sustained	  EGFR	  phosphorylation	  profile	  to	  a	  transient	  profile	  (group	  III).	  These	  PTPs	  have	  only	  a	  limited	  negative	  effect	  on	  EGFR	  phosphorylation	  after	  5	  min	  of	  EGFR	   stimulation	   but	   the	   receptor	   phosphorylation	   decays	   over	   time.	   In	   this	  group	  we	  found	  several	  receptor-­‐like	  PTPs	  e.g.	  PTPRE	  (RPTPε),	  PTPRG	  (RPTPγ)	  and	  PTPRU	  (RPTPλ).	  As	  described	  for	  PTPRA,	  it	  has	  been	  shown	  that	  PTPRE	  and	  PTPRG	  dephosphorylate	  a	   small	  phosphopeptide	  containing	   the	  pY1068	  site	  of	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EGFR	   in	  vitro	   (Barr	  et	  al.,	  2009).	  Therefore,	  a	  direct	   interaction	  of	   these	  RPTPs	  with	   EGFR	   might	   explain	   this	   result.	   In	   comparison	   to	   PTPRA,	   the	   RPTPs	   of	  group	  III	  were	  localized	  not	  explicitly	  at	  the	  PM	  but	  also	  at	  endosomal	  structures	  that	   would	   allow	   a	   late	   interaction	   with	   EGFR	   after	   EGF	   stimulation	  
(Supplementary	   Figure	   4.S9).	   We	   have	   to	   note	   here	   that	   PTPRE	   exists	   as	   a	  trans-­‐membrane	   receptor-­‐like	   protein	   and	   in	   different	   soluble	   cytoplasmic	  isoforms	  (Elson	  and	  Leder,	  1995;	  Gil-­‐Henn	  et	  al.,	  2000;	  Nakamura	  et	  al.,	  1996).	  In	  our	  work	  we	  included	  only	  the	  transmembrane	  version.	  It	  has	  been	  shown	  that	  the	  EGFR	  phosphorylates	  PTPRE	  rapidly	  after	  EGF	  stimulation,	  which	  mediates	  the	  association	  of	  PTPRE	  and	  microtubuli.	  This	   interaction	  induces	  a	  reversible	  inactivation	  of	   PTPRE	   (Berman-­‐Golan	   and	  Elson,	   2007;	   Sines	   et	   al.,	   2007).	  The	  authors	  showed	  that	  the	  phosphorylated	  state	  of	  PTPRE	  is	  already	  recovered,	  10	  min	  after	  EGF	  stimulation	  probably	  by	  auto-­‐dephosphorylation.	  Surprisingly,	  the	  same	  phosphorylation	  of	   PTPRE	   triggers	   the	  dephosphorylation	   and	   activation	  of	   Src	   (Berman-­‐Golan	   and	   Elson,	   2007).	   A	   combination	   of	   both	   mechanisms	  could	   explain	   the	   transient	   EGFR	   phosphorylation	   that	   is	   determined	   by	   the	  phosphorylated	   state	   of	   PTPRE.	   As	   discussed	   in	   subsection	   1.2.3.4,	   a	   more	  general	  mechanism	   that	   leads	   to	   reversible	   PTP	   inhibition	   is	  mediated	   by	   the	  ligand-­‐induced	   ROS	   production	   that	   might	   also	   support	   the	   EGFR	  phosphorylation	  early	  after	  EGF	  stimulation	  (Karisch	  et	  al.,	  2011).	  In	  addition	  to	  the	   identified	   RPTPs	   in	   group	   III,	   the	   atypical	   DSP	   named	   DUPD1	   (FMDSP,	  PTPN27b)	  induced	  a	  similar	  phosphorylation	  profile.	  In	  contrast	  to	  the	  atypical	  DSPs	  in	  group	  II	  that	  reduced	  the	  phosphorylation	  of	  EGFR	  at	  early	  time	  points,	  DUPD1	   showed	   a	   late	   regulatory	   function.	   DUPD1	   associates	   and	  dephosphorylates	  Erk1/2	  and	  p38,	  but	  a	  function	  as	  RTK	  regulator	  has	  not	  been	  reported	  so	  far	  (Devi	  et	  al.,	  2011).	  Moreover,	  we	  identified	  ACP1	   (LMPTP)	  that	  belongs	   to	   the	   class	   II	  Cys-­‐based	  PTPs	   (section	   1.2.1).	   It	  has	  been	   shown	   that	  ACP1	  negatively	  regulates	  EGFR,	  FGFR	  and	  EphA2	  signaling	  (Kikawa	  et	  al.,	  2002;	  Ramponi	  et	  al.,	  1989;	  Rigacci	  et	  al.,	  1999).	  ACP1	  also	  activates	  Src	  as	  shown	  for	  Class	   I	   Cys-­‐based	   PTPs	   and	   is	   also	   inhibited	   by	   RTK	   induced	   ROS	   production	  (Chiarugi	  et	  al.,	  2001;	  Zambuzzi	  et	  al.,	  2008).	  Both	  mechanisms	  could	  explain	  the	  measured	  transient	  phosphorylation	  profile	  of	  EGFR	  phosphorylation.	  	  	  
Results	  	  
	   	   	  	  136	  
The	  next	  group	  of	  PTPs	  (group	  IV)	  showed	  a	  sustained	  profile	   from	  5	  to	  30	   min	   of	   stimulation	   compared	   to	   the	   control,	   but	   the	   profile	   eventually	  decreases	   after	   2	   hours	   (limited	   sustained).	   In	   this	   group	   we	   found	   4	   DSPs	  (DUSP7,	   STYXL1,	   DUSP10	   and	   DUSP23),	   two	   classical	   PTPs	   (PTPRO	   and	  PTPN21)	  and	  one	  Asp-­‐based	  PTP	  (EYA4).	  Notably,	  we	  observed	   in	  our	  screens	  that	   some	  PTPs	   (e.g.	  MTM1,	  DUSP7,	  DUSP10,	  PTPN21)	  of	   this	  group	   induced	  a	  stronger	   EGFR	   phosphorylation	   after	   5	   -­‐	   30	  min	   EGF	   stimulation	   compared	   to	  unperturbed	   cells.	   But	   the	   positive	   effects	   of	   these	   candidates	   were	   not	  consistent	   over	   the	   5	   individual	   screens.	   However,	   both	   previously	   identified	  positive	   regulators	   MTM1	   and	   DUSP7	   (MKP-­‐X)	   were	   found	   in	   this	   group.	   In	  addition	  it	  has	  been	  reported	  that	  PTPN21	  (PTPD1)	  promotes	  Src	  activation	  and	  it	   can	   be	   assumed	   that	   this	   might	   lead	   to	   a	   higher	   EGFR	   phosphorylation	  (Cardone	   et	   al.,	   2004).	   Recent	   studies	   demonstrated	   that	   PTPN21	  has	   an	   inert	  catalytic	   activity,	   which	   rather	   indicates	   a	   phosphatase	   activity	   independent	  function	   (Barr	   et	   al.,	   2009).	   Similar	   to	   MTM1,	   we	   observed	   that	   PTPN21	   co-­‐localized	   transiently	   with	   EGFR	   after	   EGF	   stimulation	   indicating	   a	   functional	  relevance	  in	  EGF	  signaling	  (Supplementary	  figure	  4.S11).	  	  	  Regardless	   whether	   certain	   PTPs	   potentially	   support	   EGFR	  phosphorylation,	   all	   candidates	  of	   group	   IV	   induced	  a	   limited	   sustained	  profile	  that	   suggests	   a	   late	   negative	   function.	   In	   particular,	   purified	   PTPRO	   showed	   a	  substrate	  specificity	  towards	  an	  EGFR	  phosphopeptide	  containing	  pY1068	  (Barr	  et	   al.,	   2009).	   Furthermore,	   it	   has	   been	   shown	   that	   the	   direct	   relative	   of	   EGFR,	  ErbB2	   and	   4	   other	   RTKs	   including	   TrkB,	   Ret,	   EphA4	   and	   EphB2	   are	   direct	  substrate	  of	  PTPRO	  (Gatto	  et	  al.,	  2013;	  Shintani	  et	  al.,	  2006;	  Yu	  et	  al.,	  2012).	   In	  particular,	   silencing	  of	  PTPRO	   induces	  up-­‐regulation	  of	  ErbB2	  phosphorylation	  strongest	   after	   1	   hour	   (Yu	   et	   al.,	   2012).	   We	   observed	   that	   ectopic	   PTPRO	  expression	   induced	  a	   late	  reduction	  of	  EGFR	  phosphorylation	   that	   is	   reciprocal	  to	   the	   result	   reported	   for	  ErbB2.	  Similar	   to	  other	  RPTPs,	  PTPRO	   is	   localized	   in	  endosomal	  structures	  that	  would	  allow	  a	  late	  interaction	  with	  internalized	  EGFR	  
(Supplementary	  Figure	  4.S9).	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PTPs	  of	  the	  last	  group	  V	  induce	  similar	  profiles	  to	  group	  III	  (i.e.	  a	  transient	  profile	  of	  EGFR	  phosphorylation)	  but	  the	  amplitude	  increases	  again	  at	  late	  time	  points.	  More	   specifically,	   EGFR	   phosphorylation	   is	   strongly	   reduced	   at	   30	  min	  after	  EGF	  but	  recovers	  at	  2	  hours	  (transient-­‐recovered).	  In	  this	  group	  we	  found	  PTPRK	  	  (RPTPκ)	  that	   is	  a	  previously	   identified	  negative	  regulator	  of	  EGFR,	  two	  cytoplasmic	  MAPK	  specific	  NRPTPs	  termed	  PTPN5	  (STEP)	  and	  PTPN7	  (HePTP),	  and	  CDKN3	  (KAP)	  that	  belong	  to	  the	  CDC14	  subclass	  of	  DSPs.	  	  	  It	  has	  previously	  been	  shown	  that	  that	  PTPRK	  dephosphorylates	  EGFR	  5	  –	  30	  min	  after	  EGF	  stimulation	  (Wang	  et	  al.,	  2005;	  Xu	  et	  al.,	  2005).	  However,	  as	  shown	  for	  group	  III	  candidates	  we	  measured	  a	  stronger	  regulatory	  potential	  at	  late	   time	   points.	   PTPRK	   also	   occupies	   vesicular	   structures	   near	   the	   PM	  
(Supplementary	   Figure	   4.S9)	   that	  would	   allow	   a	   late	   association	  with	   EGFR.	  PTPRK	   is	   known	   as	   an	   activator	   of	   Src	   and	   can	   be	   oxidized	   by	   ROS	   that	   both	  could	  mediate	  a	  lower	  dephosphorylation	  rate	  of	  EGFR	  after	  5	  min	  EGF	  (Karisch	  et	   al.,	   2011;	  Wang	  et	   al.,	   2005;	  Xu	  et	   al.,	   2006).	  Furthermore,	  both	  PTPN5	   and	  
PTPN7	  contain	  a	  kinase	  interaction	  motive	  (KIM)	  that	  is	  in	  general	  a	  structural	  feature	   of	   MKPs.	   According	   their	   KIM,	   PTPN5	   and	   PTPN7	   are	   involved	   in	  negative	   regulation	   of	   Erk	   activity	   (Pettiford	   and	   Herbst,	   2000;	   Pulido	   et	   al.,	  1998).	  However,	  purified	  PTPN5	  showed	  a	  substrate	  specificity	  towards	  a	  small	  phosphopeptide	  containing	  the	  pY1068	  site	  of	  EGFR	  (Barr	  et	  al.,	  2009).	  Together	  with	  our	   result	   it	   can	  be	  assumed	   that	  MAPK	  specific	  PTPs	   (MAPK-­‐PTPs)	  have	  additional	   substrates	   beside	   MAPKs	   and	   might	   play	   also	   a	   direct	   role	   in	   RTK	  regulation.	   The	   activity	   of	   MAPK-­‐PTPs	   is	   regulated	   by	   phosphorylation	   at	  multiple	   sites	   by	   PKA,	   PKC	   and	   Erk	   (Barr	   and	   Knapp,	   2006).	   	   In	   particular,	   a	  serine	  phosphorylation	  within	  their	  KIM	  domain	  blocks	  the	  interaction	  of	  MAPKs	  with	  MAPK-­‐PTPs	   thereby	   leading	   to	  phosphatase	   inactivity	   (Blanco-­‐Aparicio	  et	  al.,	   1999;	   Braithwaite	   et	   al.,	   2006;	   Saxena	   et	   al.,	   1999).	   	   However,	   it	   has	   to	   be	  addressed	   whether	   the	   phosphorylated	   state	   of	   the	   KIM	   domain	   has	  consequences	   for	   the	   interaction	   with	   other	   targets	   such	   as	   RTKs.	   The	   last	  member	  of	  group	  V	   identified	  was	  CDKN3	   (KAP)	  that	   is	  one	  of	   the	   four	  CDC14	  proteins	   (Alonso	   et	   al.,	   2004).	   CDC14s	   are	   involved	   in	   dephosphoryaltion	   of	  serine	  and	  threonine	  sites	  and	  are	  known	  to	  regulate	  cycline	  dependent	  kinases	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during	   the	   cell	   cycle	   (Visintin	   et	   al.,	   1998).	   Surprisingly,	   we	   measured	   a	   late	  reduction	   of	   EGFR	   tyrosine	   phosphorylation	   when	   CDKN3	   was	   ectopically	  expressed	   highlighting	   an	   additional	   indirect	   regulatory	   mechanism	   that	  controls	  cell	  proliferation.	  
	   With	   our	   novel	   classification	   method,	   we	   can	   determine	   the	   most	  probable	  pattern	  (shape)	  for	  each	  EGFR	  phosphorylation	  profile	  upon	  individual	  PTP	   expression	   by	   using	   the	   cell-­‐to-­‐cell	   variance	   and	   clustered	   them	   into	   5	  functional	   groups.	   We	   have	   shown	   that	   different	   PTPs	   either	   modulate	   the	  overall	   amplitude	   of	   the	   sustained	   response	   profile	   of	   EGFR	   or	   could	   even	  fundamentally	  change	  the	  shape	  of	   its	  temporal	  progress,	   leading	  to	  delayed	  or	  limited	   sustained	   EGFR	   phosphorylation.	   	   Moreover,	   the	   expression	   of	   some	  PTPs	  changes	  the	  sustained	  EGFR	  response	  to	  a	  transient	  response.	  We	  generally	  observed	  that	  PTPs	  within	   individual	  groups	  showed	  difference	   in	   their	  degree	  of	  EGFR	  regulation.	  This	  fact	  has	  led	  us	  to	  the	  next	  question	  of	  our	  aim.	  Whether	  individual	  PTPs	  possess	  differences	  in	  their	  regulatory	  potential	  or	  strength.	  	  
	  
	  
4.5.2	  	   	  Determination	  of	  the	  regulatory	  influence	  of	  PTPs	  	  	  To	   identify	   differences	   in	   the	   “strength”	   of	   PTPs	   that	   are	   involved	   in	   EGFR	  regulation	   we	   performed	   an	   amplitude-­‐based	   clustering	   within	   each	   of	   the	   5	  groups	  (I-­‐V)	  using	  affinity	  propagation	  (Methods	  3.9.5).	  The	  method	  of	  affinity	  propagation	   was	   provided	   by	   A.Koseska	   and	   can	   be	   described	   as	   a	   max-­‐sum	  algorithm	   of	   a	   factor	   graph,	   that	   is	   used	   to	   search	   over	   configurations	   of	   the	  labels	  in	  the	  graph	  that	  maximize	  the	  net	  similarity.	  As	  a	  result,	  the	  PTPs	  in	  each	  group	  are	   separated	   into	   subgroups	  according	   to	   the	  magnitude	   to	  which	   they	  regulate	   EGFR	   phosphorylation.	   We	   have	   analyzed	   the	   data	   sets	   of	   both	   PTP	  collections	   (screen	   1	   and	   2)	   to	   determine	   the	   differences	   in	   the	   regulatory	  strength	   of	   the	   corresponding	   PTPs.	  We	   note	   here	   that	   the	   amplitude	   of	  α	   of	  control	  cells	  was	  slightly	  different	  in	  both	  experiments.	  The	  results	  from	  affinity	  propagation	  of	  both	  cDNA	  collections	  (1	  and	  2)	  are	  presented	  in	  (Figure	  4.15)	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Figure	  4.15	  Amplitude	  clustering	  by	  affinity	  propagation.	  The	  5	  functional	  classes	  (I-­‐V)	  derived	  by	   response-­‐based	   classification	  are	   shown.	  Members	  of	   each	   class	   are	  divided	   into	   subgroups	  according	  to	  their	  change	  in	  amplitude.	  Control	  group	  in	  blue.	  Moderate	  regulators	  are	  shown	  in	  black	  and	  stronger	  regulators	   in	  red	  and	  green.	  A	   temporal	  profile	   is	  shown	  for	  each	  subgroup	  within	  a	  class.	  Profiles	  are	  representative	  for	  all	  members	  of	  a	  subgroup.	  Data	  presented	  here	  are	  from	  the	  first	  cDNA	  collection	  (screen	  1).	  The	  clustering	  by	  affinity-­‐propagation	  was	  provided	  by	  A.	  Koseska.	  	  	  	  	  	  
	  
Results	  	  
	   	   	  	  140	  
The	   members	   of	   group	   I	   do	   not	   induce	   a	   change	   in	   the	   shape	   of	   the	  response	   profile	   of	   EGFR,	   but	   we	   identified	   several	   PTPs	   in	   this	   group	   which	  have	  previously	  been	  found	  as	  negative	  regulators	   in	  the	   literature	  (Table	  1.1,	  
Introduction).	  By	  using	  affinity	  propagation,	  we	  obtained	  3	  subgroups	  in	  group	  I	  representing	  significant	  differences	  in	  their	  influence	  on	  EGFR	  phosphorylation.	  In	   both	   cDNA	   collections	   (1	   and	   2),	   we	   identified	   several	   moderate	   (PTPN1,	  PTPRA	   and	   PTPN2	   (TC45))	   and	   one	   strong	   regulator	   (PTPN2	   (TC41)).	   TC41	  lacks	   any	   regulatory	   sequence	   and	   can	   be	   thought	   as	   a	   “hyperactive”	   cytosolic	  enzyme	   that	   completely	   abolish	   EGFR	   phosphorylation.	   As	   already	   described,	  PTPs	   of	   group	   II	   induce	   a	   delayed	   sustained	   profile	   of	   EGFR	   phosphorylation.	  Within	   this	   group,	   we	   also	   found	   3	   distinct	   subgroups.	   For	   example,	   the	  expression	  of	  PTPN6	  induced	  a	  delayed	  but	  sustained	  phosphorylation	  profile	  of	  EGFR,	  while	  other	  PTPs	  (e.g	  DUSP3)	  induced	  a	  nearly	  linear	  increase	  over	  time.	  A	  third	  subgroup	   includes	   the	  FERM	  domain	  containing	  PTPN14	  and	  the	  atypical	  DUSP19,	   which	   were	   both	   classified	   as	   the	   strongest	   regulators	   in	   group	   II.	  Furthermore,	  PTPs	  of	  class	  III,	  which	  induce	  a	  transient	  response	  of	  EGFR,	  could	  be	   divided	   into	   two	   subgroups,	   in	  which	  PTPRG	   and	  PTPRU	  had	   the	   strongest	  regulatory	   impact.	   We	   identified	   3	   different	   regulatory	   groups	   for	   class	   IV	  (screen	   2)	   (Supplementary	   Figure	   4.S12),	   includeing	   the	   positive	   regulators	  MTM1	   and	  DUSP7.	   However,	  while	  we	   could	   separate	   these	   groups	   into	   three	  subgroups	  we	  were	   not	   able	   to	   distinguish	   between	   these	   subgroups	   by	   their	  regulatory	  potential.	  The	  members	  of	  group	  V	  were	  divided	  into	  two	  regulatory	  subgroups	   and	   PTPRK	   and	   PTPN5	   were	   identified	   as	   the	   strongest	   negative	  regulators	  in	  this	  group.	  	  	  
	  	  In	  summary,	  we	  have	  classified	  PTPs	  into	  5	  functional	  groups	  according	  to	  their	  induced	  changes	  in	  the	  EGFR	  phosphorylation	  profile.	  Moreover,	  affinity	  propagation	   clustering	   allowed	   us	   to	   distinguish	   between	   the	   regulatory	  influence	   of	   PTPs	   within	   their	   same	   functional	   group.	   In	   group	   III	   and	   IV,	   for	  example,	   we	   found	   in	   total	   4	   RPTPs	   that	   induce	   a	   transient	   phosphorylation	  profile	  of	  EGFR	  and	  three	  of	  them	  (PTPRU,	  PTPRK	  and	  PTPRG)	  also	  showed	  the	  strongest	   regulatory	   impact	   within	   their	   groups,	   suggesting	   that	   these	   RPTPs	  might	  play	  a	  major	  role	   in	  EGFR	  regulation.	  These	  differences	  guided	  us	   to	  our	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next	  question.	  PTPs	  contain	  distinct	   localization	  sequences	  or	  binding	  domains	  that	  organize	  them	  into	  defined	  cellular	  regions	  and	  the	  EGFR	  encounters	  PTPs	  either	   at	   the	   PM	   or	   in	   endosomal	   compartments.	  We	   therefore	   asked	  whether	  the	   localization	   of	   PTPs	   correlates	  with	   their	   functional	   groups	   and	   thus,	   their	  regulatory	  influence.	  
	  
	  
4.5.3	  	   Members	  of	  functional	  classes	  possess	  similar	  molecular	  features	  	  The	   advantage	   of	   using	   fluorescent	   PTP-­‐mCitrine	   fusion	   proteins	   is	   that	   the	  localization	   can	   be	   directly	   assessed.	   The	   observed	   localization	   of	   each	   PTP	   in	  our	   two	  collections	  was	  detected	  under	  normal	  growth	  conditions	  and	  verified	  by	  the	  UniProt	  and	  LOCATE	  databases.	  We	  then	  calculated	  the	  probability	  that	  a	  number	  of	  PTPs	  with	  a	  distinct	  localization	  (i.e.	  nucleus,	  cytosol	  or	  PM)	  belong	  to	  the	   same	   functional	   group	   by	   determining	   the	   hypergeometric	   distribution	  
(Methods	   3.9.6)	   (Figure	   4.16).	   By	   comparing	   the	   localization	   of	   PTPs	  within	  each	  group,	  we	  found	  a	  high	  diversity	  in	  most	  cases.	  However,	  we	  found	  out	  that	  all	  9	  PTPs	  of	  group	   II	  are	   localized	   in	   the	  nucleus,	   the	  cytoplasm	  or	   in	  both.	   In	  particular,	   the	   strongest	   identified	   regulators	   DUSP19	   and	   PTPN14	   are	   both	  localized	   exclusively	   at	   the	   cytoplasm.	  A	   similar	   relationship	  was	   observed	   for	  the	  short	  isoform	  of	  PTPN2	  (TC41)	  of	  group	  I	  that	  was	  classified	  as	  the	  strongest	  negative	  regulator	  of	  EGFR	  in	  both	  PTP	  collections.	  This	   isoform	  is	  consistently	  located	  in	  the	  cytosol	  where	  it	  might	  encounter	  EGFR	  under	  basal	  conditions	  and	  upon	  stimulation.	  Moreover,	   the	  negative	   regulators	   found	   in	  group	   III	   such	  as	  PTPRE,	   PTPRG	   and	   PTPRU	   are	   all	   present	   at	   the	   PM	   and/or	   endosomal	  structures	  and	  therefore	  might	  share	  the	  same	  localization	  as	  EGFR.	  We	  obtained	  a	  p-­‐value	  <	  0.05	  that	  the	  members	  of	  this	  group	  are	  not	  localized	  at	  random.	  	  
	   To	   summarize	   our	   temporally	   resolved	   screening	   experiments,	   we	  identified	   several	   known	   negative	   regulators	   including	   PTPN1,	   PTPN2	  (TC45/41)	   and	   PTPN9	   but	   also	   PTPRA	   that	   were	   identified	   in	   our	   primary	  siRNA/cDNA	   screen,	   which	   induced	   no	   change	   in	   the	   shape	   of	   the	   temporal	  profile	  but	  reduced	  the	  overall	  amplitude	  of	  EGFR	  phosphorylation.	   In	  addition	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Figure	   4.16	   Comparison	   of	   functional	   groups	  with	   the	   localization	   of	   PTPs	   (a)	  Representative	  images	   of	   PTPs	   fused	   to	   mCitrine	   with	   a	   defined	   localization.	   (b)	   Group	  members	   defined	   by	  response-­‐based	  clustering	  (I-­‐V)	  are	  indicated	  for	  both	  cDNA	  collections	  (1	  and	  2).	  PTP	  names	  in	  grey	  indicate	  candidates	  that	  were	  not	  identified	  as	  EGFR	  regulators.	  Localization	  of	  each	  PTP	  at	  normal	   growth	   conditions	   is	   indicated	   on	   the	   right.	   Nu	   =	   nucleus,	   Cy	   =	   cytosol,	   PM	   =	   plasma	  membrane,	   ER	   =	   endoplasmic	   reticulum,	   E	   =	   endosomal	   structures.	   p-­‐values	   calculated	   by	  hypergeometric	  distribution	  are	  indicated.	  Asterisks	  indicate	  additionally	  observed	  localizations,	  which	  could	  not	  be	  validated	  in	  UniProt-­‐	  or	  LOCATE-­‐databases.	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4.6	  	   Characterization	  of	  identified	  EGFR	  regulators	  by	  using	  the	  
cell-­‐to-­‐cell	  variance	  	  We	   focused	   our	   work	   on	   MTM1	   (myotubularin),	   DUSP7	   (MPK-­‐X)	   and	   PTPRA	  (RPTPα),	  which	  were	  identified	  as	  novel	  regulators	  after	  5	  min	  EGF	  stimulation	  in	   our	   primary	   siRNA/cDNA	   screen	   (Figure	   4.10).	   Our	   first	   objective	   was	   to	  address	   whether	   the	   observed	   positive	   influence	   of	   MTM1	   and	   DUSP7	   occurs	  also	   at	   later	   time	   points	   after	   stimulation,	   because	  we	  were	   not	   able	   to	   detect	  increased	   EGFR	   phosphorylation	   dynamics	   in	   our	   previous	   experiments	  
(Supplementary	  Figure	  4.S12).	  We	  included	  also	  PTPN21	  (PTPD1),	  which	  has	  previously	  been	  shown	  to	  be	  a	  positive	  regulator	  of	  EGFR	  (Cardone	  et	  al.,	  2004;	  Carlucci	  et	  al.,	  2010).	  We	  found	  in	  our	  primary	  siRNA/cDNA	  screen	  that	  silencing	  of	  PTPN21	  induced	  a	  lower	  phosphorylation	  of	  EGFR,	  but	  we	  could	  not	  observe	  a	  reciprocal	   effect	   when	   PTPN21	  was	   ectopically	   expressed.	   However,	   we	   could	  observe	   that	   both	   PTPN21	   and	   MTM1	   co-­‐localized	   with	   EGFR	   after	   EGF	  stimulation	  indicating	  a	  functional	  role	  in	  EGF	  signaling.	  We	  also	  included	  PTPRG	  (RPTPγ)	  as	  one	  of	  the	  “strong”	  regulators	  obtained	  by	  affinity	  propagation	  from	  group	   III.	   Beside	   the	   two	   identified	   negative	   regulators	   PTPRG	   and	   PTPRA	  we	  also	   included	   PTPN1	   (PTP1B)	   and	   the	   hyperactive	   isoform	   of	   PTPN2	   (TC41).	  MCF7	  cells	  seeded	  in	  8	  well	  chambers	  were	  co-­‐transfected	  with	  EGFR-­‐mTFP	  as	  FRET-­‐donor	  and	  one	  of	  the	  PTPs	  fused	  to	  mCitrine.	  Cells	  were	  stimulated	  for	  6	  different	   time	   points	   with	   EGF,	   fixed	   and	   used	   for	   automated	   FRET-­‐FLIM	  measurements	  after	   incubating	   the	  FRET-­‐acceptor	  (anti-­‐pY-­‐Cy3.5).	  FLIM-­‐stacks	  at	   50	   positions	   per	   time	   point	   were	   acquired	   with	   a	   40x	   objective.	   The	  phosphorylated	   fraction	  α	   was	   calculated	   by	   global	   analysis.	   Intensity	   images	  were	   used	   for	   single	   cell	   segmentation	   and	   average	  α	  values	   from	   single	   cells	  were	   calculated	   for	   each	   PTP	   and	   time	   point.	   Consistent	   with	   the	   results	  obtained	   in	   previous	   experiments,	   expression	   of	   PTPN1,	   PTPN2,	   PTPRA	   or	  PTPRG	   showed	   a	   reduced	   phosphorylation	   level	   of	   EGFR	   compared	   to	   cells	  expressing	  only	  EGFR	  	  (control)	  (Figure	  17a).	  On	  the	  other	  hand,	  MTM1,	  DUSP7	  and	  PTPN21	  showed	  a	  general	   increase	   in	  EGFR	  phosphorylation	  at	  early	   time	  points.	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To	  characterize	  potentially	  positive	  or	  negative	   functions	  of	  PTPs	   in	  our	  subset,	   we	   performed	   single	   cell	   correlation	   analysis.	   We	   have	   plotted	   the	  average	   intensity	   of	   mCitrine	   as	   a	   measure	   of	   the	   PTP	   expression	   against	   the	  phosphorylated	   fraction	   of	   EGFR	   (α)	   in	   each	   cell.	   An	   positive	   correlation	  between	   these	   two	   parameters	   can,	   for	   example,	   indicate	   a	   promoting	  connection,	  whereas	  a	  negative	  correlation	  highlights	  an	  inhibitory	  connection.	  A	  positive	   correlation	   between	   the	   EGFR	   phosphorylation	   (α)	   and	   MTM1	  expression	   could	   be	   found	   at	   all	   different	   time	   points	   after	   EGF	   stimulation	  
(Figure	  17b).	  This	  effect	  was	  also	  visible	  under	  basal	  conditions.	  Furthermore,	  we	   observed	   a	   steeper	   slope	   after	   30	   –	   60	  min	   of	   EGF	   stimulation.	  Moreover,	  positive	   correlations	   were	   also	   obtained	   for	   DUSP7	   at	   early	   stimulation	   time	  points	   (2	   -­‐	   5	   min	   after	   EGF).	   PTPN1,	   on	   the	   other	   hand,	   showed	   a	   negative	  correlation	  at	  all	  time	  points.	  This	  finding	  indicates	  that	  the	  ER	  anchored	  PTPN1	  has	  a	  stronger	  effect	  after	  the	  internalization	  of	  EGFR.	  Expression	  of	  the	  cytosolic	  PTPN2	  isoform	  TC41	  induced	  a	  negative	  correlation	  at	  all	  measured	  time	  points	  including	   basal	   conditions.	   This	   indicates	   that	   TC41	   associates	   with	   EGFR	  independent	  of	  EGF	  stimulation,	  resulting	  in	  a	  constitutive	  dephosphorylation	  of	  the	  receptor.	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Figure	   4.17	   Identification	   of	   positive	   and	   negative	   regulators	   by	   single	   cell	   analysis.	   (a)	  Phosphorylation	   profiles	   of	   EGFR	   upon	   different	   PTP	   expression	   measured	   by	   automated	  microscopy.	   Error	   bars	   indicate	   the	   standard	   deviation.	   (b)	   Single	   cell	   correlation	   of	   EGFR	  
α against	  PTP-­‐mCitrine	  intensity.	  Linear	  fits	  are	  indicated	  in	  red.	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Figure	   4.18	   Fano-­‐factor	   (Fa)	   that	   reflects	   the	   level	   of	   cell-­‐to-­‐cell	   variance	   of	   EGFR	  α	  is	   shown	  for	  each	  time	  for	  different	  PTP	  expressions.	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The	   Fano-­‐factor	   of	   EGFR	   phosphorylation	   in	   case	   of	   PTPN1,	   PTPN2,	  PTPRA	   or	   PTPRG	   expression	   was	   lower	   compared	   to	   the	   control	   or	   positive	  regulators.	  This	  result	  validates	  our	  finding	  that	  both	  PTPRA	  and	  PTPRG	  regulate	  EGFR	  phosphorylation	  negatively	   and	  are	   comparable	   in	   function	   to	   the	  better	  characterized	   PTPN1	   and	   PTPN2.	   We	   observed	   that	   the	   variance	   of	   EGFR	  phosphorylaiton	  was	   lowest	  upon	  expression	  of	  PTPN2	  (TC41)	  and,	   in	  general,	  higher	   when	   PTPRA	   or	   PTPN1	   was	   expressed.	   A	   similar	   graduation	   was	  observed	  in	  our	  affinity	  propagation	  analysis	  (Figure	  4.15).	  These	  results	  let	  us	  conclude	  that	  PTPRA	  has	  a	  comparable	  regulatory	  influence	  to	  the	  ER	  localized	  PTPN1,	  but	  is	  lower	  than	  TC41.	  The	  variance	  of	  cells	  expressing	  PTPN1,	  PTPN2	  or	  PTPRA	  showed	  almost	  no	  differences	  over	  longer	  time	  points,	  supporting	  our	  previous	  classification	  of	  these	  PTPs	  in	  group	  I.	  	  PTPRG	  was	  previously	  classified	  in	  group	  III	  because	  of	  its	  induction	  of	  a	  rather	  transient	  EGFR	  phosphorylation.	  Here	  we	  observed	  an	  overall	  reduction	  of	  the	  EGFR	  phosphorylation	  amplitude.	  PTPRG	  was	  classified	  as	  one	  of	  the	  “strongest”	  negative	  regulators	  within	  group	  III,	  which	   is	  characterized	  by	  a	  relatively	   low	  peak	  after	  5	  min	  EGF	  stimulation	  
(Figure	  4.15).	  	  On	   the	   other	   hand,	   the	   Fano-­‐factor	   of	   cells	   expressing	   either	   MTM1,	  DUSP7	  or	  PTPN21	  showed	  a	  higher	  variance	  of	  EGFR	  phosphorylation	  at	  early	  time	  points	  compared	  to	  control	  cells.	  This	  data	  supports	  our	   initial	   findings	   in	  the	   first	   siRNA/cDNA	   screen	   (Figure	   4.10)	   in	   which	   MTM1	   and	   DUSP7	   were	  identified	   as	   positive	   regulators	   of	   EGFR	   after	   5	   min	   of	   EGF	   stimulation.	   The	  predominantly	  higher	  cell-­‐to-­‐cell	  variance	   in	  EGFR	  phosphorylation	   induced	  by	  the	   expression	   of	   a	   positive	   regulator	   might	   explain	   why	   we	   measured	   no	  significant	  effects	  for	  these	  proteins	  with	  our	  clustering	  approach	  (section	  4.5).	  Compared	  to	  our	  CA	  screens,	  our	  measurements	  in	  8	  well	  chambers	  provided	  us	  with	   a	   10-­‐times	   higher	   number	   of	   cells	   for	   analysis.	   By	   calculating	   the	   EGFR	  phosphorylation	  of	  approximately	  100	  single	  cells	  expressing	  the	  same	  PTP,	  we	  could	   not	   only	   validate	   the	   positive	   function	   of	   MTM1	   and	   DUSP7,	   we	   also	  identified	   a	   similar	   function	   for	   PTPN21.	   All	   three	   candidates	  were	   previously	  classified	  in	  group	  IV	  (Figure	  4.14),	  which	  is	  characterized	  by	  a	  late	  reduction	  of	  EGFR	   phosphorylation.	   With	   our	   analysis	   based	   on	   single	   cell	   variance,	   we	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conclude	   that	   MTM1,	   DUSP7	   and	   PTPN21	   support	   EGFR	   phosphorylation	   at	  early	  time	  points	  ranging	  from	  2	  –	  30	  min	  after	  EGF	  stimulation,	  depending	  on	  the	  PTP	  expressed.	  Consistent	  with	  our	  previous	  classification	  into	  group	  IV,	  we	  observed	  that	   the	  cell-­‐to-­‐cell	  variance	  of	  EGFR	  phosphorylation decreased	  over	  time	   for	  all	  3	   candidates.	   In	  particular,	   this	   result	   suggested	   that	   there	  exists	  a	  distinct	   window	   of	   time	   when	   these	   positive	   regulators	   may	   promote	   EGFR	  phosphorylation.	   As	   already	   discussed,	   MTM1	   expression	   supports	   EGFR	  stability	   and	   might	   induce	   a	   temporal	   accumulation	   of	   EGF-­‐EGFR	   in	   early	  endosomes	   that	   could	   lead	   to	   the	   enhanced	   EGFR	   phosphorylation	   because	   of	  the	   high	   receptor	   density	   in	   such	   compartments.	   Similarly,	   PTPN21	   silencing	  promotes	  rapid	  degradation	  of	  EGFR	  after	  EGF	  stimulation	  (Carlucci	  et	  al.,	  2010).	  PTPN21	   interacts	   with	   KIF16B,	   a	   component	   of	   the	   endocytic	   pathway,	   at	  endosomes.	  	  KIF16B	  belongs	  to	  the	  kinesin	  family	  motor	  proteins	  that	  transport	  early	   endosomes	   to	   the	   plus	   end	   of	   microtubules	   and	   KIF16B	   overexpression	  relocated	  early	   endosomes	   to	   the	   cell	   periphery	   and	   inhibited	   the	   transport	   to	  the	  degradative	  pathway.	  (Hoepfner	  et	  al.,	  2005).	  This	  implies	  that	  PTPN21	  may	  have	   a	   synergistic	   role	  with	  KIF16B	   in	   favoring	   recycling	   of	   internalized	  EGFR	  through	   the	   endocytic	   pathway	   (Carlucci	   et	   al.,	   2010).	   In	   this	   way,	   PTPN21	  induced	  a	   similar	  EGFR	  phosphorylation	  as	  discussed	   for	  MTM1	  expression	  by	  regulating	  EGFR	  trafficking	  with	  different	  mechanism.	  	   In	  summary,	  automated	  microscopy	  provides	  the	  phosphorylated	  fraction	  of	  EGFR	  in	  a	  large	  cell	  population	  perturbed	  by	  PTP	  expression.	  The	  cell-­‐to-­‐cell	  variance	  within	   this	   cell	   population	  was	  used	   to	   identify	   positive	   and	  negative	  regulators	   of	   EGFR	   phosphorylation.	   After	   the	   characterization	   of	   positive	   and	  negative	   regulators	   of	   EGFR,	   we	   wanted	   to	   address	   the	   question	   where	   PTPs	  regulate	  EGFR	  phosphorylation	  and	  how	  these	   interactions	  alter	   the	   trafficking	  behavior	  of	  EGFR.	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4.7	   PTPs	   regulate	   the	   spatial-­‐temporal	   phosphorylation	  
pattern	  of	  EGFR	  	  Quantitative	  microscopy	  provides	  us	  with	   the	  phosphorylated	   fraction	  of	  EGFR	  in	   each	   pixel	   of	   the	   cell.	   In	   our	   previous	   screens	  we	   have	   used	   average	   values	  calculated	  from	  single	  cells	  to	  determine	  the	  phosphorylation	  dynamics	  of	  EGFR.	  However,	  to	  address	  the	  question	  how	  PTPs	  regulate	  the	  spatial	  phosphorylation	  of	   EGFR	  we	   developed	   a	  method	   to	   segment	   cells	   into	   spatial	   regions.	   Such	   a	  segmentation	   is	   essential	   to	   compare	   the	   spatial	   phosphorylation	   between	  differently	  perturbed	  cells	  (Figure	  4.20)	  (Methods	  3.9.8).	  	  	  
	  
	  
Figure	   4.20	   Schematic	   of	   radial	   segmentation.	   	   Cells	   were	   segmented	   into	   13	   spatial	   regions	  between	   the	   center	  of	   the	  nucleus	   and	   the	  PM	   (left).	  The	   center	  of	   the	   cell	  was	  defined	  by	   the	  center	  of	  the	  nucleus	  (white	  asterisk).	  The	  width	  of	  each	  region	  varies	  according	  to	  the	  relative	  distance	  between	  the	  center	  of	  the	  nucleus	  at	  a	  given	  angel.	  The	  average	  α	  of	  each	  segment	  can	  be	  calculated	  by	  using	  the	  α	  image	  of	  the	  corresponding	  cell.	  In	  this	  way,	  a	  spatial	  profile	  of	  the	  average	  a	  of	  every	  spatial	   segment	  between	   the	  nucleus	  and	   the	  PM	  can	  be	  generated	   for	  each	  cell	  (right).	  Radial	  segmentation	  analysis	  was	  developed	  and	  provided	  by	  Hernan	  Grecco.	  	  	  
	   Each	   cell	   was	   divided	   into	   13	   radial	   regions	   between	   the	   PM	   and	   the	  center	   of	   the	   nucleus.	   The	   average	  of	  EGFR	   phosphorylation	  (α) was	   calculated	  for	   each	   radial	   region.	   We	   excluded	   cells	   that	   were	   too	   small	   or	   showed	   an	  incomplete	  masking	  of	   the	   cytosol	   to	   guarantee	   a	   certain	   amount	  of	   pixels	  per	  radial	  region.	  A	  detailed	  description	  used	  for	  automated	  cell	  filtering	  is	  provided	  in	   (Methods	   3.9.8)	   EGFR	   α values	  derived	   from	   spatial-­‐segments	   were	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calculated	  from	  single	  cells	  stimulated	  with	  EGF	  for	  0,	  5,	  30	  or	  120	  min.	  Spatial-­‐segments	   from	   single	   cells	   were	   combined	   for	   each	   stimulation	   time	   point	  respectively,	   resulting	   in	   a	   spatial-­‐temporal	   phosphorylation	   profile	   of	   EGFR	  
(Supplementary	  Figure	  4.S13).	  After	  calculating	  the	  spatial-­‐temporal	  profile	  of	  EGFR	  α,	  we	  recognized	  that	  the	  pattern	  generated	  was	  not	  comparable	  with	  the	  spatial-­‐temporal	  phosphorylation	  observed	  by	  microscopy	  (Figure	  4.12).	  EGFR	  undergoes	   rapid	   autophosphorylation	   at	   the	   PM	   where	   the	   majority	   of	   the	  receptor	  becomes	   internalized	  within	   the	   first	  5	  min	  after	  EGF	  stimulation	  and	  propagates	  deeper	  inside	  the	  cell.	  In	  contrast	  to	  these	  observations,	  we	  could	  not	  detect	   any	   temporal	   or	   spatial	   differences	   in	   our	   generated	   profiles.	   We	   next	  calculated	  the	  intensity-­‐weighted	  α	  of	  EGFR	  (EGFRp),	  which	  represents	  the	  total	  amount	   of	   phosphorylated	   receptor	   in	   each	   pixel	   (Methods	   3.9.8).	   In	  comparison	   to	   the	   fraction	  of	  phosphorylation	  EGFR	  (α),  we	  could	   reconstruct	  the	   spatial-­‐temporal	   phosphorylation	   pattern	   of	   EGFR	   as	   observed	   with	  microscopy	   by	   using	   the	   amount	   of	   phosphorylated	   receptor	   (EGFRp)	   (Figure	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Figure	   4.21	   Spatial-­‐temporal	   phosphorylation	   profiles	   of	   EGFR	   upon	   PTP	   expression.	   Profiles	  generated	  by	  radial	  segmentation.	  The	  area	  between	  the	  cell	  center	  (defined	  by	  the	  center	  of	  the	  nucleus)	   and	   the	   PM	   was	   divided	   into	   4	   cytosolic	   and	   1	   nuclear	   segments.	   Averages	   of	   the	  intensity	  weighted	  EGFR	  α	  (EGFRp)	  derived	   from	  each	  radial-­‐region	  (one	  nuclear	  segment	  and	  four	   cytosolic	   segments)	   are	   presented	   for	   all	   four	   EGF	   stimulations	   (0,	   5,	   30,	   120	   min).	   (a)	  Spatial-­‐temporal	   profile	   of	   EGFRp	   from	   cells	   expressing	   EGFR-­‐mTFP	   alone	   (Control).	   (b,	   c)	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Spatial-­‐temporal	  profiles	  of	  EGFRp	  from	  cells	  transfected	  with	  EGFR-­‐mTFP	  and	  different	  PTPs	  as	  indicated.	  Corresponding	   spatial-­‐temporal	  profiles	  of	   the	  PTP-­‐intensities	   are	   shown	  on	   the	   left	  respectively	  (The	  sum	  of	  intensity	  of	  all	  segments	  was	  normalized	  to	  1).	  Colors	  indicate	  previous	  classification	  of	  PTPs:	  Positive	  regulators	  of	  group	  IV	  are	  shown	  in	  green,	  negative	  regulators	  of	  group	  I	  in	  red	  and	  the	  negative	  regulator	  PTPRG	  classified	  in	  group	  III	  is	  highlighted	  in	  blue.	  Each	  profile	  was	  calculated	  from	  approximately	  10	  acquired	  cells	  per	  time	  point.	  	  
	   The	  ER	  anchored	  PTPN1,	  the	  cytosolic	  version	  of	  PTPN2	  (TC41)	  and	  the	  receptor-­‐like	  PTPRA	  were	  previously	  classified	   in	  group	   I.	  These	  PTPs	   induced	  an	   overall	   reduction	   of	   the	   EGFR	  phosphorylation	   amplitude	   but	  maintained	   a	  sustained	   profile.	   Consistent	   with	   our	   result	   from	   the	   temporal	   profiles,	   we	  observed	   an	   near	   complete	   loss	   of	   EGFR	   phosphorylation	   when	   one	   of	   these	  three	   PTPs	  was	   co-­‐expressed	   	   (Figure	   4.21b).	   The	   spatial-­‐temporal	   profile	   of	  cells	   expressing	   PTPN1	   demonstrated	   an	   initial	   phosphorylation	   and	  internalization	  of	   the	  EGFR	  population	  after	  5	  min	  EGF	   stimulation.	  Consistent	  with	   the	   known	   localization	   of	   PTPN1	   at	   the	   ER,	   we	   detected	   an	   enriched	  localization	  of	  PTPN1	  at	  perinuclear	  regions.	  Notably,	  PTPN1	  and	  EGFR	  shared	  the	   same	   spatial-­‐temporal	   region	   after	   5	   min	   EGF	   stimulation	   highlighting	  possible	   interactions	   between	   the	   ER	   and	   EGF-­‐EGFR	   loaded	   endosomes.	   The	  phosphorylation	   of	   EGFR	   is	   already	   reduced	   at	   this	   time	   point.	   EGFR	  phosphorylation	   continued	   to	   decrease	   leading	   to	   an	   almost	   full	  dephosphorylation	   of	   the	   receptor	   after	   30	   or	   120	   min	   of	   EGF	   stimulation.	  Moreover,	  expression	  of	  the	  hyperactive	  version	  of	  PTPN2	  (TC41)	  abolished	  the	  early	  and	   late	  phosphorylation	  of	  EGFR,	  consistent	  with	   its	  stronger	  regulatory	  potential	  compared	  to	  PTPN1.	  PTPN2	  was	  detected	  in	  the	  cytosol	  and	  we	  assume	  that	   this	   enzyme	   keeps	   the	   population	   of	   ligand-­‐bound	   EGFRs	   in	   a	  dephosphorylated	   state.	   We	   suggested	   that	   such	   a	   severe	   dephosphorylation	  might	  result	  in	  a	  reduced	  EGF	  dependent	  internalization.	  
	   A	   similar	   spatial-­‐temporal	   profile	   of	   EGFR	   was	   observed	   upon	   PTPRA	  expression.	   We	   demonstrate	   that	   PTPRA	   reduced	   the	   number	   of	   endosomes	  loaded	   with	   EGF-­‐EGFR	   complexes	   after	   stimulation	   (Supplementary	   Figure	  
4.S10).	   Consistent	   with	   this	   result,	   we	   show	   here	   that	   PTPRA	   also	   nearly	  abolished	  the	  phosphorylation	  of	  EGFR	  after	  activation.	  We	  assume	  that	  PTPRA	  activity	   towards	   EGFR	   autophosphorylation	   might	   change	   the	   trafficking	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behavior.	   	  The	  strong	  regulation	  by	  PTPRA	  might	  induce	  recycling	  of	  EGF-­‐EGFR	  complexes	  instead	  of	  degradation.	  From	  localization	  analysis,	  we	  concluded	  that	  PTPRA	  is	  predominantly	   localized	  at	   the	  PM	  (Supplementary	   Figure	  4.S9).	   In	  contrast	   to	   this	   observation,	   the	   spatial-­‐temporal	   profile	   generated	   for	   PTPRA	  intensity	  suggested	  a	  cytosolic	   fraction	  (Figure	   4.21b).	  Our	  screening	   is	  based	  on	  widefield	   imaging	   in	  which	   stray	   light	   coming	   from	   the	  PM	  above	  or	  below	  the	  focal	  plane	  cannot	  be	  excluded	  from	  the	  intensity	  obtained	  in	  cytosolic	  areas.	  Due	   to	   this	   imaging	   limitation,	   fluorescence	   of	   the	   PM	   cannot	   be	   avoided	   in	  cytosolic	   segments	   resulting	   in	   a	   rather	   undefined	   spatial-­‐temporal	   intensity	  profile	  for	  PM	  localized	  proteins.	  	  	   Furthermore,	   PTPRG	   was	   previously	   classified	   in	   group	   III	   because	   its	  expression	   induces	   a	   rather	   transient	   phosphorylation	   profile	   of	   EGFR.	   The	  spatial-­‐temporal	   profile	   of	   EGFR	   phosphorylation	   confirmed	   this	   observation.	  We	  observed	   that	   the	  phosphorylation	  of	  EGFR	  was	   limited	   to	  5	  min	  after	  EGF	  stimulation	   but,	   similar	   to	   PTPN1,	   the	   level	   of	   phosphorylation	   was	   already	  reduced	   at	   this	   time	   point.	   We	   observed	   that	   the	   phosphorylated	   EGFR	   and	  PTPRG	   shared	   the	   same	   spatial	   regions	   after	   5	   min	   of	   EGF	   stimulation.	   High	  EGFR	   phosphorylation	   was	   associated	   with	   a	   higher	   level	   of	   PTPRG.	   In	  comparison	  to	  the	  first	  5	  min	  after	  stimulation,	  the	  phosphorylation	  of	  EGFR	  was	  almost	  abolished	  at	   later	  time	  points.	  Our	  previous	   image	  analysis	  showed	  that	  PTPRG	   was	   not	   only	   restricted	   to	   the	   PM	   but	   also	   present	   in	   endosomal	  compartments	   (Supplementary	   Figure	   4.S9).	   The	   spatial	   temporal	  phosphorylation	   profile	   indicates	   that	   PTPRG	   interacts	   with	   EGFR	   in	   cytosolic	  compartments	   and	  exhibits	   its	   strongest	   effects	  on	  EGFR	  dephosphorylation	  at	  later	  time	  points.	  	  	  In	  addition,	  we	  then	  generated	  spatial-­‐temporal	  phosphorylation	  profiles	  of	  EGFR	  when	  different	  positive	  regulators	   including	  MTM1,	  DUSP7	  or	  PTPN21	  were	   expressed	   (Figure	   4.21c).	   All	   three	   phosphatases	   were	   previously	  classified	   in	   group	   IV	   and	   induced	   a	   limited	   sustained	   temporal	   profile.	   In	  
section	  4.6,	  we	  validated	  that	  all	  three	  enzymes	  promote	  EGFR	  phosphorylation	  early	  after	  EGF	  stimulation.	  We	  observed	   that	  MTM1	  co-­‐localizes	  with	  EGFR	  at	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membrane	  regions	  5	  min	  after	  EGF	  simulation.	  Consistent	  with	  this	  observation,	  the	   spatial-­‐temporal	  PTP-­‐intensity	  profile	   indicated	  an	  enrichment	  of	  MTM1	  at	  the	  PM	  at	  this	  time	  point.	  In	  addition,	  the	  phosphorylation	  of	  internalized	  EGFR	  was	   enhanced	   in	   parallel.	   Altogether,	   we	   observed	   a	   rather	   stable	   EGFR	  phosphorylation	  over	  the	  whole	  period	  of	  2	  hours.	  DUSP7	  was	  evenly	  distributed	  in	   the	   cytosol	   and	   we	   detected	   a	   strongly	   enhanced	   phosphorylation	   of	   the	  internalized	  EGFR	  after	  5	  min	  EGF.	  PTPN21	   showed	  a	   similar	   spatial-­‐temporal	  profile	   of	   EGFR	   phosphorylation.	   But	   more	   similar	   to	   MTM1,	   we	   detected	  PTPN21	   enrichment	   at	   the	  PM	  after	   5	  min	  of	   EGF	   stimulation.	   This	   result	  was	  consistent	   with	   the	   observed	   co-­‐localization	   of	   PTPN21	   and	   EGFR	   after	  stimulation	  (Supplementary	  Figure	  4.S11).	  It	  has	  been	  shown	  that	  MTM1	  and	  PTPN21	   increase	   receptor	   stability	   by	   regulating	  EGFR	   trafficking	   	   (Carlucci	   et	  al.,	  2010;	  Tsujita	  et	  al.,	  2004).	  When	  MTM1	  or	  PTPN21	  are	  ectopically	  expressed,	  we	  assume	  that	  internalized,	  ligand-­‐bound	  EGF	  receptors	  are	  “trapped”	  in	  early	  endosomal	   compartments,	   which	   mature	   only	   slow	   towards	   receptor	  degradation.	  However,	  our	  data	  indicate	  that	  the	  positive	  function	  of	  PTPN21	  is	  rather	  limited	  to	  early	  time	  points	  in	  contrast	  to	  MTM1.	  A	  similar	  temporal	  effect	  was	   observed	   for	   DUSP7,	   which	   might	   enhance	   EGFR	   phosphorylation	   by	  regulating	   a	   feedback	   mechanism	   in	   which	   Erk	   activity	   mediates	  dephosphorylation	  of	  EGFR	  (Prahallad	  et	  al.,	  2012).	  	  	  In	   our	   last	   results	   section	   we	   presented	   a	   novel	   method	   to	   generate	  spatial-­‐temporal	  profiles	  of	  EGFR	  phosphorylation	  from	  single	  cell	  populations.	  	  This	  method	  allowed	  us	  to	  address	  the	  questions	  where	  and	  when	  PTPs	  regulate	  EGFR	   phosphorylation.	   Our	   data	   indicate	   that	   ER-­‐anchored	   PTPN1	  dephosphorylates	   EGFR	   after	   internalization,	   while	   the	   cytosolic	   version	   of	  PTPN2	   and	   the	   PM	   localized	   PTPRA	   are	   able	   to	   abolish	   ligand-­‐induced	  phosphorylation	   of	   EGFR	   already	   at	   the	   PM.	   PTPRG	   allows	   EGFR	  phosphorylation	  and	  internalization	  but	  its	  activity	  becomes	  stronger	  over	  time.	  The	   positive	   regulators	   MTM1,	   PTPN21	   and	   DUSP7	   enhanced	   the	  phosphorylation	   of	   EGFR	   in	   early	   endosomal	   compartments	   by	   probably	  different	   underlying	  mechanisms.	   Our	  method	   allowed	   a	   direct	   comparison	   of	  the	   EGFR	   phosphorylation	   profile	   with	   the	   associated	   PTP-­‐intensity	   pattern,	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4.8	   Supplementary	  data	  	  	  
	  	  
Supplementary	  Figure	  4.S1	  Effect	  of	  washing	  on	  cell	  seeding.	  HeLa	  cells	  seeded	  on	  arrays	  were	  washed	   20	   min	   or	   40	   min	   after	   seeding	   and	   immediately	   imaged	   under	   the	   microscope.	   Cell	  adherence	   on	   spots	   and	   the	   surrounding	   glass	   surface	   is	   compared.	   Magnification	   of	   spots	  acquired	  with	  4x	  objective	  are	  shown	  (lower	  panel).	  Figure	  adapted	  from	  (Fengler	  et	  al.,	  2012)	  	  	  	  	  
	  	  	  
Supplementary	   Figure	   4.S2	   (a)	   Western	   blot	   analysis	   of	   PTP	   down	   modulation	   by	   siRNA	  transfection	   (Dharmacon,	   On-­‐Target-­‐Plus	   pool).	   MCF7	   cells	   were	   transfected	   with	   siRNAs	  targeting	  PTPN11,	  PTPRF,	  PTPN1	  or	  PTPN21.	  Lysates	  of	  targeting	  siRNA	  were	  always	  compared	  with	   a	   control	   lysate	   derived	   from	   non-­‐targeting	   (NT)	   siRNA	   transfected	   cells.	   Cells	   were	  incubated	  for	  48	  hours	  and	  cell	  lysates	  were	  used	  for	  westernblot	  analysis.	  Specific	  antibodies	  for	  PTPs	  and	  house	  keeping	  genes	  (tubulin	  or	  GAPDH)	  were	  used	  for	  detection.	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Supplementary	  Figure	  4.S3	  Two-­‐tailed	  Kolmogorov-­‐Smirnov-­‐test	  of	  siRNA	  screening	  data.	  The	  




Supplementary	  Figure	  4.S4	  Two-­‐tailed	  Kolmogorov-­‐Smirnov-­‐test	  of	  cDNA	  screening	  data.	  The	  
α-­‐distribution	   of	   each	   PTP	   obtained	   from	   single	   cell	   measurements	   was	   tested	   for	   being	   not	  identical	  to	  the	  control	  distribution.	  p-­‐values	  for	  every	  PTP	  is	  indicated	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Supplementary	  Figure	  4.S6	  Dose	  response	  of	  EGFR	  analyzed	  by	  western	  blot.	  MCF7	  cells	  were	  transient	   transfected	   with	   EGFR-­‐mCitrine	   and	   stimulated	   for	   5	   min	   EGF	   with	   different	  concentrations	  ranging	  from	  25	  -­‐	  400	  ng/ml.	  Intensity	  based	  ratios	  of	  phosphorylated	  (pY)	  and	  total	  EGFR	  are	  shown	  on	  top.	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Supplementary	   Figure	   4.S8	   (a)	   The	   different	   patterns	   obtained	   by	   bootstrapping	   and	   the	  numbers	  of	  their	  occurrences	  are	  shown.	  (b)	  By	  combining	  the	  2	  top	  ranking	  patterns	  according	  to	  similarities	  in	  their	  shape,	  we	  determine	  a	  group	  of	  patterns,	  which	  in	  turn	  defines	  one	  of	  the	  5	  functional	  groups.	  Figure	  provided	  by	  A.	  Koseska.	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Supplementary	   Figure	   4.S9	   Localization	   of	   RPTPs	   in	   MCF7	   cells.	   Different	   RPTPs	   mCitrine	  fusion	   proteins	   were	   transfected	   as	   indicated.	   Localization	   is	   shown	   under	   normal	   growth	  conditions.	  Fluorescence	  intensity	  inverted.	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Supplementary	  Figure	  4.S10	  PTPRA	  co-­‐localizes	  with	  EGFR	  at	  the	  PM	  and	  reduces	  endocytosis	  after	  EGF	  stimulation.	  MCF7	  cells	  expressing	  EGFR-­‐mTFP	  alone	  (a)	  or	  EGFR-­‐mTFP	  together	  with	  PTPRA-­‐mCitrine	  (b).	  Images	  of	  fixed	  cells	  after	  5,	  30	  and	  120	  min	  EGF	  (200	  ng/ml)	  are	  shown.	  (c)	  Single	  or	  co-­‐transfected	  cells	  were	  stimulated	  with	  EGF-­‐Alexa647	  and	  fixed	  after	  indicated	  time	  points.	   The	   average-­‐number	   of	   endosomes	   per	   cell	   was	   calculated	   by	   using	   the	   EGF-­‐Alexa	  fluorescence.	  Endosomes	  were	  identified	  with	  cell	  profiler	  software.	  Averages	  of	  10	  -­‐20	  cells	  per	  time	  point	  are	  shown.	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Supplementary	   Figure	   4.S11	   Transient	   co-­‐localization	   of	   PTPN21	   and	   EGFR	   after	   EGF	  stimulation.	  MCF7	  cells	  co-­‐transfected	  with	  PTPN21-­‐mCitrine	  and	  EGFR-­‐mTFP	  were	  stimulated	  with	  200	  ng/ml	  EGF	  for	  indicated	  time	  points.	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Supplementary	   Figure	   4.S12	   Amplitude	   clustering	   by	   affinity	   propagation.	   The	   5	   functional	  classes	   (I-­‐V)	   derived	   by	   response-­‐based	   classification	   are	   shown.	   Members	   of	   each	   class	   are	  divided	  into	  subgroups	  according	  to	  their	  change	  in	  amplitude.	  Control	  group	  in	  blue.	  Moderate	  regulators	   are	   shown	   in	   black	   and	   stronger	   regulators	   in	   red	   and	   green.	   A	   temporal	   profile	   is	  shown	   for	   each	   subgroup	   within	   a	   class.	   Profiles	   are	   representative	   for	   all	   members	   of	   a	  subgroup.	  Data	  presented	  here	  are	  from	  the	  second	  cDNA	  collection	  (screen	  2).	  The	  clustering	  by	  affinity-­‐propagation	  was	  provided	  by	  A.	  Koseska.	  Group	  III	  and	  IV	  contained	  only	  one	  candidate	  and	  makes	  the	  clustering	  unnecessary.	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It	  was	  long	  believed	  that	  PTPs	  recognize	  their	  substrates	  unspecific	  and	  that	  the	  regulation	   of	   growth	   factor	   signaling	   is	   dominated	   by	   the	   activity	   of	   protein	  kinases	  alone.	  Research	  of	  the	  last	  years	  however	  has	  shown	  that	  PTPs,	  equally	  to	  RTKs	  exert	  major	  influence	  in	  signal	  propagation.	  It	  has	  been	  shown	  that	  the	  activity	  of	  RTKs	  and	  PTPs	  are	  coupled	  (Reynolds	  et	  al.,	  2003).	  PTPs	  on	  the	  one	  hand,	   dephosphorylate	   specific	   phosphotyrosines,	   thus	   inhibiting	   the	  autocatalytic	   activity	  of	  RTKs.	  On	   the	  other	  hand,	  phosphorylated	  RTKs	   induce	  the	   local	  production	  of	  ROS	  by	  activating	  PI3K/Rac-­‐dependent	  NADPH-­‐oxidase	  complexes	   leading	   to	   reversible	   PTP	   inhibition.	   Due	   to	   the	   coupling	   of	   RTK-­‐activation	  with	  PTP-­‐inhibition	  by	   ligand	   induced	  ROS	  production,	   the	  system	  is	  bistable	  and	  responds	  in	  a	  switch-­‐like	  manner	  (Reynolds	  et	  al.,	  2003).	  	  	   Similar	   to	   other	   RTKs,	   EGFR	   can	   be	   activated	   in	   absence	   of	   a	   ligand	  because	   of	   its	   autocatalytic	   activity	   and	   PTPs	   are	   required	   to	   prevent	   such	  spurious	   receptor	   signals	   through	   their	   dephosphorylation	   activity.	   PTPs	  interact	   with	   EGFR	   during	   recycling,	   which	   keeps	   its	   phosphorylation	   level	   in	  check.	   RPTPs	   for	   example	   are	   able	   to	   access	   EGFR	   directly	   at	   the	   PM,	   while	  intracellular	   PTPs	   might	   interact	   with	   EGFR	   at	   the	   recycling	   endosomes.	   EGF	  binding	   on	   the	   other	   hand	   favors	   asymmetric	   dimer	   formation,	   resulting	   in	  increased	  activation	  and	  robust	  trans-­‐phosphorylation	  of	  EGFR	  at	  the	  PM	  (Zhang	  et	  al.,	  2006).	  When	  a	  certain	  EGF	  concentration	  is	  reached,	  sufficient	  to	  overcome	  the	   constant	  dephosphorylation	  activity	  of	  PTPs	  by	  ROS	  production,	   the	  whole	  EGFR	  population	   at	   the	   PM	  undergoes	   a	   rapid	   self-­‐amplifying	   phosphorylation	  wave	   that	   propagates	   through	   the	   cell	   (Verveer	   et	   al.,	   2000b).	   However,	  differences	  in	  the	  coupling	  of	  EGFR	  and	  PTP	  activities	  have	  direct	  consequences	  on	  the	  global	  phosphorylation	  profile	  of	   the	  receptor.	   In	  contrast	   to	   the	  double	  negative	   feedback	   that	   leads	   to	   the	   described	   lateral	   propagation,	   a	   negative	  feedback	   between	   EGFR	   and	   PTPs	   induces	   phosphorylation	   hot	   spots	   instead	  (Grecco	  et	  al.,	  2011b).	  Because	  of	  the	  robust	  phosphorylation	  status	  of	  EGF-­‐EGFR	  complexes	   and	   recruitment	   of	   proteins	   required	   for	   internalization	   and	  degradation,	   most	   of	   the	   receptors	   exit	   the	   recycling	   path	   and	   become	  internalized	   (G.	   Xouri,	   unpublished	   data,	   Sabet	   et	   al.,	   submitted).	   Thus,	   the	  interactions	   between	   particular	   PTPs	   and	   EGFR	   occur	   at	   specific	   time	   and	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specific	   regions	   within	   the	   cell	   and	   regulate	   the	   signal	   duration	   of	   EGFR.	  Moreover,	  the	  trafficking	  of	  EGFR	  is	  also	  regulated	  by	  these	  spatially	  dependent	  interactions.	   In	   particular,	   dephosphorylation	   of	   specific	   phosphotyrosines	  required	   for	  EGFR	  degradation	  might	   rescue	   the	   receptor	   from	  degradation	  by	  supporting	  the	  recycling	  process.	  	   The	  result	  of	  our	  first	  siRNA/cDNA	  screen	  highlighted	  that	  the	  regulation	  of	   EGFR	   by	   PTPs	   is	   not	   always	   associated	   with	   receptor	   dephosphorylation.	  Approximately	  one	  third	  of	  all	  candidates	  promote	  EGFR	  phosphorylation	  after	  5	  min	   EGF	   exposure	   (Figure	   4.10).	   We	   have	   discussed	   that	   several	   PTPs	  dephosphorylate	   the	   inhibitory	  phosphotyrosine	  of	  SFKs	  resulting	   in	  activation	  and	   phosphorylation	   of	   EGFR	   (section	   1.3.4).	   This	   mechanism	   is	   only	   one	  example	   how	   PTPs	   might	   promote	   EGFR	   phosphorylation.	   Possible	   network	  motives	  between	  EGFR	  and	  PTPs	  are	  shown	  in	  (Figure	  5.1).	  	  	   	  
	  	  
Figure	   5.1	   Possible	   coupling	   between	   EGFR	   and	   PTPs.	   Both	   PTPs	   and	   EGFR	   can	   promote	   or	  inhibit	  each	  other	  dependent	  on	  the	  given	  molecular	  context.	  PTPs	  can	  dephosphorylate	  EGFR	  (c)	  or	   promote	   receptor	   phosphorylation	   by	   dephosphorylating	   inhibitory	   sites	   of	   cytosolic	   PTKs	  (such	   as	   SRC)	   that	   themselves	   phosphorylate	   EGFR	   (b).	   Activation	   of	   EGFR	   leads	   to	   ROS	  production	   that	   inhibits	  PTPs	   transiently	  (d).	  SH2	  domain	  mediated	  binding	   to	  phosphorylated	  tyrosines	  at	   the	  C-­‐terminal	   tail	  of	  EGFR	  or	  at	  adaptor	  proteins	  can	  result	   in	  PTP	  activation	   (e).	  The	   autocatalytic	   activity	   of	   EGFR	   is	   indicated	   by	   the	   positive	   feedback	   (a).	   The	   specific	  phosphorylation	   pattern	   of	   the	   receptor	   determines	   whether	   EGFR	   undergoes	   recycling	   or	  degradation	  after	  ligand	  binding.	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In	  summary,	  EGFR	  phosphorylation	  induced	  by	  5	  min	  EGF	  stimulation	  is	  the	   product	   of	   its	   autocatalytic	   property	   and	   the	   suppressing	   activity	   of	   PTPs.	  However,	  several	  PTPs	  supported	  EGFR	  phosphorylation	  instead.	  We	  noted	  that	  a	  number	  of	  PTPs	  do	  not	   show	  symmetric	  effects	  upon	  opposite	  perturbations	  
(Figure	   4.10).	   The	   reasons	   can	   be	  manifold:	   i)	   if	   the	   expression	   levels	   of	   the	  endogenous	  proteins	  are	   low,	  siRNA	  might	  not	   induce	  significant	  differences	   in	  EGFR	  phosphorylation;	  ii)	  similar	  when	  the	  endogenous	  expression	  is	  very	  high,	  ectopic	   expression	   might	   not	   induce	   detectable	   differences	   in	   EGFR	  phosphorylation	   because	   the	   relative	   increase	   of	   PTPs	   might	   be	   too	   low;	   iii)	  quantifying	  the	  amount	  of	  PTP	  down-­‐modulation	  necessary	  to	  induce	  significant	  effects	   is	   not	   possible,	   and	   iv)	   regulation	   of	   EGFR	   phosphorylation	   might	   be	  threshold	   dependent:	   only	   specific	   PTP	   expression	   levels	   can	   significantly	  modulate	   the	   EGFR	   phosphorylation	   pattern.	   Additionally,	   the	   spatial	   PTP	  localization	  might	  not	  contribute	  to	  early	  (5	  min	  after	  EGF)	  modulation	  of	  EGFR	  phosphorylation.	  We	   therefore	   performed	   quantitative	  measurements	   of	   EGFR	  phosphorylation	  over	  a	  longer	  time	  span.	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5.1	  	   Five	  functional	  groups	  of	  PTPs	  regulate	  EGFR	  dynamics	  	  Differences	  in	  the	  temporal	  phosphorylation	  pattern	  of	  RTKs	  are	  associated	  with	  different	  changes	  in	  downstream-­‐protein	  dynamics	  that	  encode	  distinct	  cellular	  responses	   (Nagashima	   et	   al.,	   2007).	   Several	   studies	   have	   shown	   that	  perturbations	  of	  PTPs,	  which	  in	  particular	  regulate	  the	  phosphorylation	  level	  of	  RTKs,	   result	   in	   changes	   of	   the	   cellular	   responses	   induced	   upon	   receptor	  stimulation	  (Prahallad	  et	  al.,	  2012;	  Sun	  et	  al.,	  2011;	  Tarcic	  et	  al.,	  2009;	  Yuan	  et	  al.,	  2010).	   It	   has	   also	  been	   shown	   that	  EGFR	  undergoes	   transient	  phosphorylation	  upon	   EGF	   stimulation	   in	   most	   tissue	   culture	   cells	   containing	   normal	   protein	  levels	   of	   EGFR	   (Marshall,	   1995;	  Nagashima	   et	   al.,	   2007).	   Ectopic	   expression	   of	  fluorescent	  EGFR	  fusion	  proteins	  in	  MCF7	  cells	  that	  allow	  the	  measurement	  of	  its	  phosphorylated	   fraction	   by	   FRET-­‐FLIM,	   mimics	   the	   EGF-­‐induced	   sustained	  phosphorylation	   of	   EGFR	   observed	   in	   epithelial	   cancer	   cells	   that	   express	  unusually	   high	   levels	   of	   the	   receptor	   (Hyatt	   and	   Ceresa,	   2008;	   Sturani	   et	   al.,	  1988).	   Consistent	   with	   the	   literature,	   MCF7	   cells	   ectopically	   expressing	   EGFR	  showed	  a	  sustained	  phosphorylation	  profile	  of	  EGFR	  over	  the	  duration	  of	  2	  hours	  (Hsu	  et	  al.,	  2011;	  Wouters	  and	  Bastiaens,	  1999).	   In	  particular,	  studies	   in	  which	  EGFR	   was	   overexpressed	   in	   PC12	   cells	   showed	   that	   the	   RTK	   activity	   directly	  influences	  the	  duration	  of	  Erk	  activity	  and	  thereby	  controls	  the	  cellular	  response.	  EGFR	  overexpressing	  PC12	  cells	  showed	  a	  more	  sustained	  Erk	  activity	  upon	  EGF	  stimulation	   (Traverse	   et	   al.,	   1994)	   and	   undergo	   differentiation	   instead	   of	  proliferation.	   Computational	   analysis	   showed	   that	   the	   duration	   of	   Erk	   activity	  was	   more	   prolonged	   upon	   by	   increasing	   EGFR	   density	   in	   comparison	   to	  physiological	  concentrations	  of	  EGFR	  that	  caused	  transient	  Erk	  phosphorylation	  (Schoeberl	  et	  al.,	  2002).	  	  	   In	  comparison	  to	  previous	  screens	  that	  were	  based	  on	  measurements	  of	  fold-­‐changes	  in	  phosphorylation	  under	  perturbed	  conditions	  (Tarcic	  et	  al.,	  2009;	  Yuan	  et	  al.,	  2010),	  we	  have	  addressed	  how	  PTP	  expression	  changes	  the	  temporal	  phosphorylation	  profile	  of	  EGFR.	  Moreover,	  we	  categorized	  PTPs	  according	  their	  influence	   on	   EGFR	   phosphorylation	   dynamics	   (Figure	   4.14).	   In	   summary,	   we	  have	   identified	   five	   distinct	   functional	   groups	   of	   PTPs	   that	   induce	   distinct	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phosphorylation	  profiles	  ranging	  from	  a	  reduced	  overall	  amplitude	  (I),	  as	  well	  as	  a	  delayed	  (II),	   transient	   (III),	   limited	  sustained	  (IV)	  or	  an	  oscillation-­‐like	  shape	  (V).	  A	  schematic	  overview	  of	  all	  five	  functional	  groups	  is	  provided	  in	  (Table	  5.1).	  The	   majority	   of	   the	   PTPs	   identified	   as	   EGFR	   regulators	   are	   localized	   in	   the	  cytosol	   or	   share	   the	   nuclear/cytosolic	   compartment.	   In	   particular,	   a	   cytosolic	  localization	  allows	  the	  access	  to	  EGFR	  before	  and	  during	  stimulation.	  Most	  PTPs	  of	  group	  I,	  II	  and	  IV	  showed	  a	  cytosolic	  localization	  including	  those	  that	  showed	  an	  early	  regulatory	  function,	  regardless	  whether	  they	  function	  as	  a	  supporter	  or	  suppressor	   of	   EGFR	   phosphorylation.	   For	   example,	   in	   group	   I	   we	  measured	   a	  stronger	   regulation	   of	   EGFR	   by	   the	   cytosolic	   isoform	   of	   PTPN2	   (TC41)	   as	  compared	   to	   the	  nuclear	   isoform	  TC45,	  which	   translocates	   to	   the	  cytosol	   in	  an	  EGF-­‐induced	  manner	   (Tiganis	   et	   al.,	   1999).	   The	   ectopic	   expression	   of	   group	   I	  PTPs	  resulted	  in	  a	  lower	  phosphorylation	  amplitude	  of	  EGFR	  probably	  due	  to	  a	  consistent	   dephosphorylation	   activity	   on	   EGF-­‐EGFR	   complexes.	   In	   contrast	   to	  group	  I	  PTPs,	  the	  candidates	  of	  group	  II	  permit	  a	  higher	  EGFR	  phosphorylation	  amplitude	  over	  time.	  For	  example,	  it	  has	  been	  shown	  that	  DUSP3	  associates	  with	  EGFR	  under	  basal	   conditions	  but	  dissociates	  upon	  EGF	  stimulation.	  Due	   to	   this	  decrease	   in	   association	   after	   stimulation,	   it	   can	   be	   assumed	   that	   the	   ligand	  bound	   EGFR	   reaches	   higher	   phosphorylation	   levels	   due	   to	   its	   autocatalytic	  properties.	   Notably,	   both	   positive	   regulators	   (MTM1	   and	   DUSP7)	   that	   were	  identified	  in	  our	  primary	  siRNA/cDNA	  screen	  were	  classified	  into	  group	  IV.	  We	  later	  validated	  their	  supporting	  function	  by	  using	  automated	  microscopy	  with	  8	  well	  chambers.	  Using	  the	  same	  method	  we	  also	  identified	  a	  similar	  function	  for	  PTPN21.	  Positive	  regulators	  induce	  a	  higher	  variance	  in	  EGFR	  phosphorylation,	  adding	  to	  the	  difficulty	  in	  identifying	  such	  regulators.	  To	  overcome	  this	  technical	  problem,	   we	   utilized	   and	   quantified	   the	   differences	   in	   the	   cell-­‐to-­‐variance	   to	  validate	  the	  positive	  regulatory	  function	  of	  MTM1,	  DUSP7	  and	  PTPN21	  (Figure	  
4.18).	   In	   contrast	   to	   the	  other	  4	  groups	   (I,	   II,	   III	   and	  V)	  of	  negative	   regulators,	  positive	   regulators	   are	  only	   found	   in	   group	   IV,	  which	  might	   suggest	   that	   these	  PTPs	  induce	  a	  similar	  response	  pattern	  of	  EGFR	  phosphorylation.	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Table	   5.1	   Overview	   of	   identified	   phosphatases	   modulating	   temporal	   EGFR	   phosphorylation	  profile.	  PTPs	  are	   colour-­‐coded	  according	   to	   their	   classification	   (I-­‐V).	  PTP	  names	   in	  bold	   letters	  indicate	   a	   previously	   identified	   regulatory	   function	   in	   EGFR	   phosphorylation	   (see	   text	   for	  details).	   PTPs	   that	   showed	   reciprocal	   effects	   after	   5	   min	   EGF	   stimulation	   in	   the	   siRNA/cDNA	  screenings	  are	  indicated	  in	  red	  (negative	  function)	  or	  green	  (positive	  function).	  Significant	  effects	  are	  indicated	  that	  showed	  a	  p-­‐value	  <	  0.1	  in	  both	  siRNA	  and	  cDNA	  experiments	  using	  a	  KS-­‐test.	  Regulatory	   strength	   determined	   by	   affinity	   propagation	   is	   shown	   for	   PTPs	   that	   have	   induced	  moderate	  or	  strong	  changes	  of	  EGFR	  phosphorylation.	  Localization	  of	  PTPs	  is	  indicated	  in	  the	  last	  column:	   Nu:	   nucleus,	   Cy:	   cytosol,	   PM:	   plasma	   membrane,	   E:	   endosomes,	   ER:	   endoplasmic	  reticulum.	  
	   	  The	   localization	  of	  RPTPs	  at	   the	  PM	  would	  suggest	   their	   involvement	   in	  early	   regulation	   of	   EGFR.	   Notably,	   several	   receptor-­‐like	   PTPs	   predominantly	  induced	   a	   transient	   response	   in	   EGFR	   phosphorylation	   and	   were	   therefore	  classified	   into	  group	  III	  and	  V.	  We	  observed	  that	  these	  RPTPs	  were,	   in	   fact,	  not	  explicitly	  localized	  at	  the	  PM	  and	  also	  occupy	  endosomal	  structures,	  which	  might	  permit	   a	   direct	   interaction	   with	   EGFR	   after	   internalization.	   It	   is	   possible	   that	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most	   of	   these	   RPTPs	   also	   have	   the	   potential	   to	   regulate	   EGFR	   at	   early	   time	  points,	  but	  their	  activity	  might	  be	  inhibited	  at	  this	  time.	  For	  example,	  it	  has	  been	  shown	   that	   PTPRE	   associates	   with	   microtubules	   immediately	   after	   EGF	  stimulation	   resulting	   in	   a	   transient	   phosphatase	   inhibition	   (Sines	   et	   al.,	   2007).	  Several	   RPTPs	   are	   also	   known	   to	   be	   Src	   activators,	   which	   could	   explain	   their	  supporting	  function	  in	  EGFR	  phosphorylation	  (section	  1.3.5).	  In	  addition,	  recent	  studies	  have	  provided	  novel	  insights	  about	  how	  and	  which	  PTPs	  are	  regulated	  by	  ROS,	  in	  what	  can	  be	  thought	  of	  as	  a	  general	  mechanism	  to	  explain	  the	  transient	  inhibition	   of	   RPTPs	   (Karisch	   et	   al.,	   2011;	   Tonks,	   2006).	   However,	   exactly	  why	  RPTPs	   of	   group	   III	   and	   IV	   are	   more	   prone	   for	   ROS-­‐mediated	   oxidation	   than	  others,	  i.e.	  PTPs	  of	  group	  I	  and	  II,	  remains	  to	  be	  addressed.	  Due	  to	  the	  local	  ROS	  production	  at	   the	  PM,	   it	  could	  be	  assumed	  that	   the	   localization	  of	  RPTPs	  might	  favor	   their	   reversible	   oxidation	   in	   contrast	   to	   more	   distal	   cytosolic	   PTPs.	  Surprisingly,	   PTPRA	   which	   was	   classified	   to	   group	   I,	   induced	   an	   overall	  reduction	   of	   EGFR	  phosphorylation	   amplitude	   and,	   according	   to	   our	   results,	   is	  not	  transiently	  inhibiting	  EGFR	  after	  EGF	  stimulation.	  Moreover,	  PTPRA	  was	  also	  not	   localized	   in	   endosomal	   structures	   and	   therefore	   should	   not	   be	   able	   to	  interact	   with	   EGFR	   after	   internalization.	   We	   found	   that	   this	   RPTP	   suppresses	  EGFR	  endocytosis	   to	   trap	  EGF-­‐EGFR	  complexes	  at	   the	  PM,	  which	  might	   instead	  induce	   constant	   receptor	  dephosphorylation.	  A	   schematic	  overview	  about	   all	   5	  functional	  groups	  is	  provided	  in	  Figure	  5.2.	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5.2	   Tonic	  suppression	  and	  EGFR	  density	  	  It	   has	   been	   shown	   that	   ectopic	   EGFR	   expression	   in	   HEK293	   or	   CHO	   cells	   is	  sufficient	   to	   induce	   activation	   and	   phosphorylation	   of	   the	   EGFR	   population	   in	  absence	   of	   ligand	   (Lammers	   et	   al.,	   1993;	   Vogel	   et	   al.,	   1993;	   Xu	   et	   al.,	   2005).	  Moreover,	   recent	   work	   from	   Endres	   and	   colleagues	   (2013)	   showed	   that	   EGFR	  density	  correlates	  exponentially	  with	  the	  phosphorylation	  of	  EGFR	  in	  COS-­‐7	  cells	  in	   the	   absence	   of	   ligand.	   In	   order	   to	   measure	   EGFR	   phosphorylation	   in	   our	  experiments,	  we	   exogenously	   expressed	   a	   fluorescent	   EGFR	   version	   (as	   FRET-­‐donor)	  in	  MCF7	  cells,	  which	  in	  turn	  enhances	  the	  concentration	  of	  the	  receptor	  in	   our	   analyzed	   cells.	   In	   a	   similar	   experiment,	   it	   has	   been	   shown	   that	   the	  phosphorylated	   fraction	   (α)	   of	   expressed	   EGFR-­‐YFP	   positively	   correlated	  with	  its	   YFP	   intensity	   in	   MCF7	   cells	   treated	   with	   unspecific	   phosphatase	   inhibitor	  pervanadate	   (Grecco	   et	   al.,	   2010).	   The	   correlation	   between	   phosphorylation	  response	  and	  expression	  provides	  an	  indicator	  for	  the	  autocatalytic	  property	  of	  EGFR	   (Grecco	   et	   al.,	   2010).	   To	   clarify	  weather	   the	   ectopic	   EGFR	   expression	   in	  MCF7	  cells	  influences	  the	  phosphorylated	  fraction	  of	  the	  receptor	  in	  absence	  or	  after	  EGF	  stimulation	  we	  revisited	  our	  single	  cell	  data.	  Similar	  to	  the	  work	  from	  
Grecco	  and	  colleagues	  (2010),	  we	  observed	  positive	  correlations	  between	  EGFR	  phosphorylation	  and	   its	  protein	   level	  (Figure	   5.3).	  However,	   in	  comparison	   to	  unstimulated	  cells,	  we	  observed	  higher	  slopes	  when	  cells	  were	  stimulated	  with	  EGF.	   In	   absence	   of	   EGF,	   only	   a	   small	   fraction	   of	   cells	   showed	   comparable	  phosphorylation	  amplitudes	  as	  measured	  in	  EGF	  stimulated	  samples.	  The	  range	  of	  EGFR-­‐mTFP	   fluorescence	   intensity	  was	  generally	  constant	  over	   the	  different	  samples	  (0,	  5,	  30,	  and	  120	  min)	  and	  we	  could	  exclude	  the	  possibility	  that	  cells	  in	  the	   unstimulated	   samples	   had	   a	   lower	   amount	   of	   EGFR	   as	   compared	   to	  stimulated	  cells.	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Figure	   5.3	   Single	   cell	   correlation	   of	   EGFR	   phosphorylation	   (α)	   vs	   EGFR	   intensity	   (mTFP)	   in	  MCF7	   cells.	   FLIM	   measurements	   were	   done	   by	   using	   EGFR-­‐mTFP	   (FRET-­‐donor)	   and	   Cy3.5	  (FRET-­‐acceptor)	   conjugated	   anti-­‐pY	   antibody.	   Times	   of	   EGF	   stimulations	   (200	  ng/ml	  EGF)	   are	  indicated.	  	  Cells	  with	  a	  lower	  intensity	  than	  0.3	  were	  excluded	  from	  the	  fit.	  	  	  	   In	  contrast	  to	  the	  findings	  in	  HEK293	  or	  CHO	  cells	  in	  which	  ectopic	  EGFR	  expression	  resulted	  in	  spontaneous	  EGFR	  activation	  (Lammers	  et	  al.,	  1993;	  Vogel	  et	   al.,	   1993;	   Xu	   et	   al.,	   2005),	   EGFR	   expression	   in	   MCF7	   cells	   did	   not	   lead	   to	  spontaneous	   receptor	   activation	   and	   was	   only	   detected	   in	   a	   few	   cells	   of	   the	  population.	  We	   observed	   a	   low	  but	   positive	   correlation	   in	   the	   absence	   of	   EGF,	  indicating	   a	   slightly	   higher	   basal	   phosphorylation	   of	   cells	   that	   express	   higher	  EGFR	  amounts.	  However,	  the	  phosphorylated	  fraction	  of	  such	  cells	  was	  generally	  low	   in	   comparison	   to	   stimulated	   cells.	   Because	   of	   the	   positive	   slope,	   it	   can	   be	  assumed	   that	   the	   probability	   of	   spontaneous	   activation	  might	   be	   favored	  with	  higher	  EGFR	  levels.	  MCF7	  cells	  have	  a	  relatively	  low	  level	  of	  endogenous	  EGFR	  in	  comparison	   to	   other	   cell	   lines	   (Coticchia	   et	   al.,	   2009)	   and	   it	  might	   be	   that	   the	  level	   of	   exogenously	   expressed	   EGFR	   is	   still	   not	   sufficient	   to	   reach	   a	   receptor	  concentration	  at	  the	  PM	  that	  is	  required	  for	  spontaneous	  activation.	  In	  contrast	  to	  our	  generic	  anti-­‐phosphotyrosine	  antibody,	  the	  work	  of	  Endres	  and	  colleagues	  was	   (2013)	   based	   on	   quantitative	   intensity	   measurements	   of	   antibodies	  detecting	   specific	   phosphorylation	   sites	   of	   EGFR	   (pY1068	   and	   pY1173).	  However,	   similar	   to	   our	   findings,	   the	   authors	   showed	   higher	   EGFR	  phosphorylation	  levels	  and	  steeper	  slopes	  when	  cells	  were	  stimulated	  with	  EGF	  in	  comparison	  to	  basal	  conditions	  (Endres	  et	  al.,	  2013).	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Several	   PTPs	   were	   previously	   identified	   as	   negative	   regulators	   under	  basal	   conditions	   (section	   1.3.4).	   In	   these	   studies,	   EGFR	   was	   ectopically	  expressed	   in	   HEK293	   or	   CHO	   cells	   resulting	   in	   expression-­‐induced	   EGFR	  phosphorylation.	   After	   co-­‐transfection	   of	   PTPN1,	   PTPN2	   or	   PTPN6	   the	  expression-­‐induced	   receptor	   phosphorylation	   was	   reduced	   (Lammers	   et	   al.,	  1993;	   Vogel	   et	   al.,	   1993).	   Recent	   data	   have	   shown	   that	   ligand	   independent	  activation	  of	  EGFR	  induced	  a	  lower	  phosphorylation	  of	  pY1045	  in	  comparison	  to	  EGF	   stimulated	   cells	   (G.	   Xouri,	   unpublished	   data).	   As	   mentioned,	   pY1045	   is	  required	   for	   Cbl	   binding	   and	   ubiquitylation	   that	   targets	   the	   receptor	   for	  degradation.	   This	   finding	   shows	   that	   ligand-­‐independent	   receptor	   activation	  does	   not	   result	   in	   receptor	   degradation.	   Instead,	   EGFRs	   that	   are	   not	  phosphorylated	  at	  pY1045	  might	  undergo	  recycling.	  According	  to	  the	  work	  from	  
Lammers	   (1993)	   and	  Vogel	   (1993),	   it	   can	  be	   assumed	   that	   PTPN1,	   PTPN2	  and	  PTPN6	  dephosphorylate	  active	  EGFR	  during	  recycling.	  	  	   In	  our	  screening	  results	  with	  MCF7	  cells	  that	  are	  not	  prone	  to	  expression-­‐induced	   activation,	   few	   negative	   regulators	   classified	   in	   group	   III	   and	   V	   have	  indicated	   a	   potential	   to	   decrease	   the	   basal	   phosphorylation	   level	   of	   EGFR,	  including	  PTPRG,	  PTPRU,	  PTPRK,	  PTPN5	  and	  PTPN7	  (Figure	  4.14).	  On	  the	  other	  hand,	  we	  detected	  an	  enhanced	  EGFR	  phosphorylation	  when	  MTM1,	  DUPS7	  or	  DUSP10	  that	  where	  classified	   in	  group	  IV	  were	  co-­‐expressed.	  These	  changes	   in	  EGFR	  phosphorylation were	  not	  consistent	  over	  the	  5	  performed	  screens,	  but	  we	  validated	  some	  of	  these	  findings	  in	  our	  follow	  up	  experiments	  in	  8	  well	  chambers	  by	   performing	   single	   cell	   correlation	   analysis	   (Figure	   4.17).	   We	   observed	   a	  negative	  correlation	  of	  EGFR	  phosphorylation	  and	  the	  expression	  level	  of	  PTPN2	  (TC41),	  clearly	  indicating	  its	  function	  as	  negative	  regulator	  at	  basal	  conditions.	  In	  contrast,	  MTM1	  expression	  indicated	  a	  supporting	  role	  of	  EGFR	  phosphorylation	  in	   absence	   of	   ligand.	   Moreover,	   quantification	   of	   single	   cell	   experiments	   also	  indicated	   a	   lower	   variance	   in	   EGFR	  phosphorylation	   of	   PTPN1,	   PTPN2,	   PTPRA	  and	   PTPRG	   expressing	   cells.	   Opposing	   effects	   were	   observed	   for	   MTM1	   and	  PTPN21	   that	   showed	   a	   slightly	   higher	   variance	   compared	   to	   control	   cells.	   In	  summary,	  we	  conclude	  that	  this	  set	  of	  PTPs	  influences	  the	  phosphorylation	  level	  of	  EGFR	  population	  under	  basal	  conditions	  (Figure	  5.2).	  Whether	  the	  different	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level	   of	   basal	   phosphorylation	   influences	   the	   activation	   threshold	   for	   ligand-­‐dependent	   activation	   has	   to	   be	   addressed.	   In	   contrast,	  we	   could	   not	   detect	   an	  increased	  variance	  of	  EGFR	  phosphorylation	  when	  DUSP7	  was	  expressed	  and	  it	  can	  be	  assumed	  that	  its	  positive	  function	  is	  dependent	  on	  EGF	  stimulation.	  More	  studies	   have	   to	   be	   performed	   to	   identify	   other	   PTPs	   that	   are	   involved	   in	   the	  regulation	  of	  the	  basal	  phosphorylation	  level	  of	  EGFR.	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5.3	   PTPs	  regulate	  phosphorylation	  and	  trafficking	  of	  EGFR	  	  	  We	   have	   presented	   a	   novel	   method	   that	   allows	   the	   transformation	   of	   high	  throughput	   microscopy	   data	   into	   spatial-­‐temporal	   profiles.	   This	   method	  provides	   us	   with	   a	   tool	   to	   quantify	   when	   and	   where	   PTPs	   regulate	   EGFR	  phosphorylation.	  The	  resulting	  spatial-­‐temporal	  phosphorylation	  profile	  of	  EGFR	  upon	  ectopic	  expression	  of	  different	  PTPs	  yielded	  different	  patterns	  of	  signaling	  propagation.	  	  	   Phosphatases	   including	   MTM1,	   PTPN21	   and	   DUSP7	   induced	   a	   larger	  increase	   in	  EGFR	  phosphorylation	   immediately	  after	  EGF	  stimulation.	   It	   can	  be	  speculated	   that	  MTM1	   and	   PTPN21	   enhance	   the	   stability	   of	   internalized	   EGF-­‐EGFR	   complexes	   in	   early	   endosomes	   by	   either	   modifying	   the	   lipid	   content	   at	  endosomal	  membranes	  (Tsujita	  et	  al.,	  2004)	  or	  by	  regulating	  proteins	   involved	  in	   vesicular	   trafficking	   (Carlucci	   et	   al.,	   2010),	   respectively.	   Both	   mechanisms	  might	  reduce	  the	   flux	  of	  activated	  EGFR	  towards	   late	  endosomes	  or	   lysosomes.	  We	  assume	  that	  the	  resulting	  high	  density	  of	  accumulating	  EGF-­‐EGFR	  complexes	  in	   endosomal	   compartments	   explains	   the	   overall	   enhancement	   of	   EGFR	  phosphorylation	  after	   internalization.	   In	  contrast	   to	  MTM1	  and	  PTPN21,	  which	  regulate	  EGFR	  trafficking,	  DUSP7	  might	   instead	  regulate	  the	  activity	  of	  Erk	  and	  thereby	   modulate	   the	   negative	   feedback	   loop	   in	   which	   Erk-­‐activated	   CDC25	  dephosphorylates	  EGFR	  (Prahallad	  et	  al.,	  2012).	  	   On	   the	   other	   hand,	   negative	   regulators	   including	   PTPN1,	   PTPN2	   and	  PTPRA	   strongly	   reduced	   EGFR	   phosphorylation.	   Our	   data	   suggest	   that	   ectopic	  expression	  of	   such	  PTPs	  can	  abolish	   the	  axial	  phosphorylation	  signal	  after	  EGF	  stimulation.	  As	  discussed,	  we	  could	  observe	  that	  PTPRA	  reduces	  the	  number	  of	  endosomal	   structures	   after	   EGF	   stimulation,	   highlighting	   its	   negative	   effect	   on	  receptor	  internalization.	  We	  could	  show	  that	  PTPRG	  allows	  ligand-­‐induced	  EGFR	  phosphorylation	  to	  a	  certain	  extent,	  but	  its	  dephosphorylating	  activity	  becomes	  stronger	  over	  time.	  Studies	  on	  clathrin-­‐dependent	  endocytosis	  have	  shown	  that	  the	  internalization	  of	  EGFR	  requires	  its	  phosphorylation	  at	  specific	  binding	  sites.	  In	   particular,	   mutations	   of	   Y1068	   and	   Y1086	   phosphorylation	   sites	   at	   the	   C-­‐
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terminus	  resulted	  in	  a	  decrease	  of	  internalization	  (Jiang	  et	  al.,	  2003b).	  	  Moreover,	  pY1045,	  pY1068	  and	  pY1086	  are	  required	  for	  the	  interaction	  with	  the	  ubiquitin	  ligase	   Cbl	   that	   regulates	   receptor	   degradation	   by	   ubiquitylation	   (Jiang	   et	   al.,	  2003b;	   Levkowitz	   et	   al.,	   1999;	   Waterman	   et	   al.,	   2002).	   Recently,	   it	   has	   been	  reported	   that	   ubiquitylation	   of	   EGFR	   is	   determined	   by	   the	   cooperative	  recruitment	   of	   Cbl,	   in	   complex	   with	   Grb2	   resulting	   in	   a	   threshold	   response	  (Sigismund	   et	   al.,	   2013).	   The	   same	   authors	   found	   that	   this	   interaction	   is	  dependent	  on	  the	  simultaneous	  presence	  of	  two	  phosphotyrosines,	  pY1045	  and	  either	  one	  of	  pY1068	  or	  pY1086,	  on	  the	  same	  EGFR	  moiety.	  Studies	  with	  an	  EGFR	  Y1045F	   mutant	   demonstrated	   decreased	   degradation	   of	   the	   EGFR,	   as	   well	   as	  efficient	   recycling	   of	   EGFR	   to	   the	   PM	   (Grovdal	   et	   al.,	   2004).	   Several	   PTPs	  dephosphorylate	  Cbl	  binding	  sites	  (Table	  1.1)	  and	  it	  can	  be	  assumed	  that	  such	  interactions	   directly	   influence	   the	   degradation	   of	   ligand-­‐bound	   EGFR.	   In	  particular,	   it	   has	   been	   shown	   that	   PTPN1,	   PTPN2,	   PTPRA	   but	   also	   PTPRG	  dephosphorylate	  pY1068	   in	  vivo	   (Barr	  et	  al.,	  2009).	   In	  summary,	   such	  negative	  regulatory	  PTPs	  reduce	  both	  the	  downstream	  signaling	  and	  the	  degradation	  rate	  of	   ligand-­‐bound	   EGFR.	   According	   to	   our	   result,	   PTPN1,	   PTPN2	   (TC41)	   and	  PTPRA	  might	  induce	  a	  decelerated	  translocation	  of	  EGFR	  to	  late	  endosomes,	  and	  those	   receptors	   that	   eventually	   reach	   the	   endocytic	   compartment	   have	   only	   a	  limited	   number	   of	   phosphotyrosine	   docking	   sites.	   In	   particular,	   the	   negative	  regulation	  of	  PTPRG	  became	   stronger	   after	  EGFR	   internalization	  highlighting	  a	  second	   level	   of	   system	   control	   after	   ligand-­‐induced	   EGFR	   phosphorylation.	   As	  discussed	  before,	  PTPRG	  might	  undergo	  transient	  inhibition	  and	  allow	  transient	  activation	  of	  downstream	  pathways,	  but	  might	  also	  function	  as	  a	  late	  suppressor	  of	   receptor	   degradation.	   Notably,	   the	   report	   from	  Barr	   and	   colleagues	   (2009)	  showed	  that	  all	  four	  negative	  regulators	  PTPN1,	  PTPN2,	  PTPRA	  and	  also	  PTPRG	  dephosphorylate	  a	   small	  peptide	  containing	   the	  pY674	  site	  of	  Cbl,	  which	  could	  explain	  their	  collective	  inhibitory	  role	  in	  EGFR	  degradation.	  Figure	  5.4	  shows	  a	  possible	  model	  of	  how	  different	  PTPs	  might	  affect	  EGFR	  trafficking.	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5.4	   The	   sustained	   phosphorylation	   of	   ectopically	   expressed	  
EGFR	  is	  mediated	  by	  a	  saturated	  degradation	  machinery	  	  As	   already	   discussed,	   our	   biochemical	   analysis	   (Figure	   4.11)	   indicated	   a	  sustained	   phosphorylation	   profile	   of	   EGFR	   at	   high	   levels	   of	   EGFR.	   Moreover,	  ectopically	  expressed	  EGFR	  was	  not	  degraded	  after	  EGF	  stimulation,	  even	  after	  2	  hours	   of	   stimulation.	  We	   assume	   that	   the	   high	   level	   of	   EGFR	   present	   in	   these	  cells	   might	   saturate	   the	   degradation	   machinery.	   The	   overload	   of	   internalized	  EGFR	   after	   cell	   stimulation	   might	   lead	   to	   a	   much	   slower	   degradation	   rate	  compared	   to	   normal	   EGFR	   expression	   levels.	   This	   could	   also	   explain	   the	  sustained	  phosphorylation	  profile	  that	  has	  been	  previously	  described	  (Hsu	  et	  al.,	  2011;	  Wouters	  and	  Bastiaens,	  1999).	  It	  has	  been	  reported	  that	  1	  hour	  after	  EGF	  stimulation	  ectopically	  expressed	  EGFR-­‐GFP	  co-­‐localizes	  with	  lysosomal	  markers	  (Offterdinger	   and	   Bastiaens,	   2008).	   In	   contrast,	   expression	   of	   an	   EGFR-­‐GFP	  Y1045F	  mutant	   showed	  no	   co-­‐localization	  with	   lysosomal	   compartments,	   even	  after	  2	  hours	   stimulation	   (Offterdinger	  and	  Bastiaens,	  2008).	  To	   further	   clarify	  why	  ectopic	  EGFR	  expression	  induces	  a	  sustained	  EGFR	  phosphorylation	  profile,	  we	   performed	   a	   co-­‐transfection	   experiment	   with	   Cbl.	   Consistent	   with	   our	  hypothesis,	  we	   observed	   a	   rapid	   reduction	   of	   EGFR	  phosphorylation	  when	  Cbl	  was	  co-­‐transfected	  in	  MCF7	  cells	  (Figure	  5.5).	  The	  expression	  of	  Cbl	  changed	  the	  phosphorylation	  profile	  of	  EGFR	   from	  a	  sustained	  (Figure	   4.21	   a)	   to	   transient	  profile.	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5.5	   Closing	  remarks	  	  The	   understanding	   of	   how	   distinct	   cell	   responses	   can	   be	   induced	   by	   different	  external	  growth	  factors	  using	  shared	  signaling	  protein	  modules	  remains	  one	  of	  the	   major	   challenges	   of	   systems	   biology.	   Insights	   into	   this	   issue	   came	   from	  studies	   with	   PC12	   cells,	   a	   model	   for	   neuronal	   differentiation	   (Greene	   and	  Tischler,	  1976).	  Stimulation	  of	  PC12	  cells	  with	  NGF	  resulted	   in	  a	  sustained	  Erk	  activity	  and	  cell	  differentiation,	  whereas	  EGF	  stimulation	  induced	  a	  transient	  Erk	  activity	   and	   cell	   proliferation	   (Marshall,	   1995).	   The	   observation	   that	   the	  signaling	  duration	  of	  the	  MAPK	  Erk	  determines	  the	  response	  of	  a	  cell	  was	  later	  extended	  to	  other	  cellular	  models	  and	  other	  growth	  factors	  (Murphy	  et	  al.,	  2002;	  Nagashima	  et	  al.,	  2007;	  Neve	  et	  al.,	  2002;	  Thottassery	  et	  al.,	  2004).	  On	  the	  level	  of	  RTK	   regulation,	   differences	   of	   receptor	   degradation	   upon	   ligand	   binding	  were	  associated	  with	  differences	  in	  the	  cellular	  response.	  Primary	  studies	  have	  shown	  that	  both	  NGF	  and	  EGF	  are	  internalized	  by	  PC12	  cells,	  but	  at	  different	  rates	  and	  to	   different	   extents	   (Chandler	   and	   Herschman,	   1983).	   While	   sequestration	  happens	  rapidly	  and	  nearly	  quantitatively	  for	  bound	  EGF,	  NGF	  sequestration	  was	  slower	   due	   to	   counteracting	   dissociation	   reactions.	   The	   same	   authors	   showed	  that	  EGF	  and	  NGF	  are	  degraded,	  but	  internalized	  EGF	  was	  degraded	  to	  a	  greater	  extent	   than	   NGF	   (Chandler	   and	   Herschman,	   1983).	   As	   mentioned	   before	   EGF	  bound	   EGFR	   undergoes	   ubiquitylation	   mediated	   by	   Cbl,	   which	   targets	   the	  receptor	   for	   rapid	   degradation	   in	   lysosomal	   compartments.	   In	   contrast,	   NGF	  bound	  TrkA	  showed	  a	  significantly	  higher	  recycling	  rate	  compared	  to	  EGF-­‐EGFR	  complexes	   (Chen	   et	   al.,	   2005).	   A	   rapid	   internalization	   and	   degradation	   as	  observed	   for	   EGFR	  would	   therefore	   lead	   to	   a	   transient	   phosphorylation	   signal	  inducing	   cell	   proliferation,	   whereas	   the	   low	   degradation	   rate	   of	   NGF-­‐TrkA	  complexes	   would	   generate	   a	   sustained	   Erk	   signal	   that	   results	   in	   cell	  differentiation	   in	  PC12	  cells	   (Chen	  et	   al.,	   2005).	   Similar	   to	  PC12	  cells,	  different	  growth	  factor	  ligands	  induce	  distinct	  kinetics	  of	  Erk	  activity	  in	  MCF7	  cells	  (Neve	  et	  al.,	  2002;	  Thottassery	  et	  al.,	  2004).	  Different	  ErbB	  ligands,	  EGF	  and	  heregulin	  (HRG),	   induce	  dose-­‐dependent	   transient	   and	   sustained	  Erk	   activity,	  which	  was	  then	  associated	  with	  proliferation	  and	  differentiation	  of	  MCF7	  cells	  respectively	  (Nagashima	  et	  al.,	  2007).	  Accordingly,	  EGF	  and	  HRG	  treatments	  resulted	  also	  in	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different	   phosphorylation	   dynamics	   of	   ErbB	   receptors.	   As	   mentioned,	   EGF	  induced	   a	   transient	   response	   of	   EGFR	  phosphorylation	   in	  MCF7	   cells,	  whereas	  HRG	  induced	  a	  sustained	  phosphorylation	  of	  EGFR	  and	  ErbB2	  (Nagashima	  et	  al.,	  2007).	  	  	   Considering	  that	  PTPs	  are	  able	  to	  control	  the	  signal	  duration	  of	  activated	  EGFR	  by	  regulating	  the	  phosphorylation	  state	  and	  the	  degradation	  velocity	  of	  the	  receptor,	  we	  postulate	  that	  PTPs	  are	  fundamentally	  involved	  in	  encoding	  growth	  factor	  stimulation	   into	  cellular	  responses.	  We	  have	   identified	  several	  PTPs	  that	  have	  the	  potential	   to	  reduce	  or	  even	  prevent	  EGF	  signaling	  (group	  I	  PTPs),	  but	  also	  candidates	  that	  changed	  the	  signal	  duration	  of	  EGF-­‐EGFR	  complexes	  (group	  III/IV)	   in	  MCF7	  cells.	  Our	  classification	  allowed	  us	   to	  distinguish	  the	   functional	  role	  of	  PTPs.	  	  	   The	   ectopic	   expression	   of	   EGFR	   induces	   a	   sustained	   phosphorylation	  profile	  in	  MCF7	  cells	  due	  to	  decelerated	  receptor	  degradation.	  Co-­‐transfection	  of	  certain	   PTPs	   (group	   III	   and	   IV	   etc.)	   or	   Cbl	   resulted	   in	   a	   transient	   response	   of	  EGFR	   phosphorylation	   comparable	   to	   cells	   expressing	   normal	   amounts	   of	   the	  receptor.	  Based	  on	  our	  data	  we	  would	  suggest	  further	  experiments	  to	  determine	  whether	  cellular	  responses	  of	  MCF7	  cells	  can	  be	  manipulated	  by	  PTP	  expression	  or	   silencing.	   For	   example,	   HRG	   stimulated	  MCF7	   cells	   ectopically	   expressing	   a	  PTP	   candidate	   of	   group	   III/IV	   might	   switch	   the	   sustained	   phosphorylation	  profile	   of	   EGFR	   to	   a	   transient	   one,	   resulting	   in	   reduced	   cell	   differentiation.	  Another	  important	  question	  is	  whether	  EGF	  could	  induce	  differentiation	  of	  MCF7	  cells	   that	   ectopically	   express	   EGFR	   and	  whether	   this	   cellular	   response	   can	   be	  reversed	  by	  PTP	  co-­‐expression.	  	  In	   general,	   knowledge	   of	   how	   PTPs	   regulate	   the	   duration	   of	   EGFR	  phosphorylation	   could	   be	   used	   to	  modulate	   the	   cellular	   response	   of	   other	   cell	  lines	   such	   as	   PC12	   cells.	   Notably,	   ectopic	   expression	   of	   EGFR	   in	   PC12	   cells	  induced	  a	  sustained	  Erk	  activity	  resulting	  in	  cell	  differentiation	  (Traverse	  et	  al.,	  1994).	  We	  assume	  a	  decelerated	  degradation	  and	  a	  prolonged	  phosphorylation	  of	  EGFR	  according	  to	  the	  high	  amount	  of	  receptors	  present	  in	  these	  cells.	  Ectopic	  
Discussion	  
	   	   	  	  186	  
expression	   of	   specific	   PTPs	   that	   induce	   a	   transient	   phosphorylation	   profile	   of	  EGFR	  might	  reverse	  the	  observed	  phenotype	  towards	  proliferation	  in	  PC12	  cells.	  In	  conclusion,	  our	  results	  afford	  comprehensive	  insights	  about	  when	  and	  where	  PTPs	  regulate	  EGFR	  phosphorylation,	  providing	  fundamental	  details	  about	  how	  spatiotemporal	  differences	  in	  PTP	  activity	  ultimately	  shape	  the	  cellular	  response	  to	   growth	   factor	   stimulation.	   Finally,	   this	   knowledge	   opens	   new	   ideas	   for	  therapeutic	   approaches	   to	   modulate	   pathophysiological	   responses	   to	   growth	  factors	  in	  diseases	  like	  cancer.	  	  














“	  The	  days	  of	  phosphatases	  as	  housekeeping	  enzymes	  are	  over!	  ”	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APPENDIX	  	  	  	  
6.1	  	   Materials	  and	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6.1.2	   Biological	  regents	  and	  kits	  2-­‐log	  DNA	  ladder	  	   New	  England	  Biolabs	  Inc.	  Ampicillin	  sodium	  salt	   SERVA	  Electrophoresis	  GmbH	  Anti-­‐EGFR	  antibody,	  #	  4267	   Cell	  Signaling	  Anti-­‐GFP	  antibody	  -­‐	  IRDye	  800	   Rockland	  Anti-­‐LAR	  antibody,	  #AF3004	   R&DSystems	  	  Anti-­‐phosphotyrosine	  (pY72)	  antibody	   Invivo	  bioscience	  Anti-­‐PTPD1	  antibody,	  #B50270	   Stratagen	  	  Anti-­‐PTPN1	  antibody,	  FG6-­‐1G	   Calbiochem	  (EMD	  Mililore)	  Anti-­‐SHP2	  antibody,	  #2752	   Cell	  Signaling	  	  BigDye®	  Terminator	  v3.1	  Cycle	  Sequencing	  kit	   Life	  Technologies	  Bradford	  reagent	  #B6916	   Sigma-­‐Aldrich	  BSA	   Sigma-­‐Aldrich	  chicken	  anti-­‐rabbit	  Alexa647	  #A21443	   Invitrogen	  ClaI	   New	  England	  Biolabs	  Inc.	  Complete	  Mini	  EDTA-­‐free	  protease	  inhibitor	  tablets	   Roche	  Applied	  Science	  Cy3	  reactive	  dye	   GE	  Healthcare	  Cy3.5	  reactive	  dye	   GE	  Healthcare	  DharmaFECT	  	   ThermoScientific	  dNTP	  mix	   Life	  Technologies	  DPBS	  	   PAN	  Biotech	  GmbH	  DpnI	   Stratagen	  Dulbecco's	  Modied	  Eagle's	  Medium	  (DMEM)	   PAN	  Biotech	  GmbH	  DyeEX®	  2.0	  Spin	  kit	  	   Qiagen	  Epidermal	  Growth	  Factor	  (Human	  EGF)	  	   Cell	  Signaling	  Technology	  	  Fetal	  calf	  serum	  (FCS)	   PAN	  Biotech	  GmbH	  Fibronectin,	  bovine	   Sigma-­‐Aldrich	  Fugene	  ®	  6	  transfection	  reagent	   Roche	  Applied	  Science	  FuGENE®	   Promega	  Gel	  Orange	  pearls	  	   Carl	  Roth	  GmbH	  Gelatin	   Sigma-­‐Aldrich	  HindIII	   New	  England	  Biolabs	  Inc.	  HiPerFect	  	   Qiagen	  Hoechst	  solution	   Sigma-­‐Aldrich	  IRDye	  ®	  680	  goat	  anti-­‐mouse	  IgG	  	   LI-­‐COR	  	  Biosciences	  IRDye	  ®	  680	  goat	  anti-­‐rabbit	  IgG	  	   LI-­‐COR	  	  Biosciences	  IRDye	  ®	  800	  goat	  anti-­‐mouse	  IgG	  	   LI-­‐COR	  	  Biosciences	  Kanamycine	  sulfate	   GERBU	  Biotechnik	  GmbH	  KpnI	   New	  England	  Biolabs	  Inc.	  L-­‐Glutamine	   PAN	  Biotech	  GmbH	  Lipofectamin2000	   Invitrogen	  NcoI	   New	  England	  Biolabs	  Inc.	  non-­‐essential	  amino	  acids	  	   PAN	  Biotech	  GmbH	  Nucleo	  Bond®	  Xtra	  Midi	  Plus	  EF®	  kit	  	   Macherey-­‐Nagel	  GmbH	  &	  Co.KG.	  Nucleo	  Bound®	  Finalizer	   Macherey-­‐Nagel	  GmbH	  &	  Co.KG.	  Odyssey	  Infrared	  Imaging	  System	  -­‐	  blocking	  buffer	  	   Li-­‐Cor	  R	  Biosciences	  OptiMEM	   GIBCO	  /Invitrogen	  Life	  Technologies	  Penicillin/Streptomycin	   GIBCO	  /Invitrogen	  Life	  Technologies	  Pfu-­‐Ultra-­‐HF	   Stratagen	  PureYieldTM	  Plasmid	  Midiprep	  System	   Promega	  QIAprep	  ®	  Spin	  Miniprep	  kit	   Qiagen	  QIAquick	  ®	  PCR	  Purification	  kit	   Qiagen	  Quick	  LigationTM	  Kit	  	   New	  England	  Biolabs	  Inc.	  QuikChange	  XL	  Site-­‐Directed	  Mutagenesis	  kit	  	   Stratagene	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SphI	   New	  England	  Biolabs	  Inc.	  Super-­‐stay24color®	  #450	  fire	  garnet	  	   Maybelline	  New	  York	  Trypsin/EDTA	   PAN	  Biotech	  GmbH	  UltraPureTM	  Agarose	   Life	  Technologies	  Zymoclean	  Gel	  DNA	  recovery	  kit	   Zymoresearch	  
	  
	  
6.1.3	   Consumables	  	  1-­‐well	  LabTek	  chambered	  coverglass	   Nalge	  Nunc	  International	  384-­‐well	  low	  volume	  plates	   Nalge	  Nunc	  International	  6	  well	  plates	   Nalge	  Nunc	  International	  8-­‐well	  LabTek	  chambered	  coverglass	   Nalge	  Nunc	  International	  96-­‐well	  cell	  culture	  plates	   Cell	  star	  Amicon	  Ultra-­‐15	  centrifugal	  filter	  unit	  (30K)	   Millipore	  Cell	  scraper	  	   BD	  Falcon	  Desalting	  spin	  column	  #	  89849	  	   Thermo	  scientific	  PVDF	  membrane	  	   Millipore	  Reservoir	   Nalge	  Nunc	  International	  SDS	  Gel	  system	   Bio	  Rad	  Silica	  Gel	  Orange	   Carl	  Roth	  GmbH	  Spin	  Gel	  columns	  	   ThermoScientific	  Sterile	  filter,	  0.45	  μm	   Millipore	  T75	  tissue	  culture	  fask	  	   BD	  Falcon	  Tissue	  culture	  plate	  (6	  well)	  	   BD	  Falcon	  UV-­‐Cuvettes	  (1	  ml)	  	   Sarstedt	  Aktiengesellschaft	  &	  Co.	  
	  
	  
6.1.4	   Prepared	  buffers	  and	  solutions	  1x	  PBS	  (pH	  7.4)	  	  	   137	  mM	  NaCl,	  10	  mM	  Na2HPO4,	  2.6	  mM	  KCl,	  1.8	  mM	  KH2PO4	  1x	  TBS	  (pH7.4)	   100	  mM	  Tris-­‐HCl	  (pH	  7.4),	  150	  mM	  NaCl	  1x	  TBST	  	   TBS	  +	  0.1	  %	  Tween	  20	  5x	  SDS	  sample	  buffer	  	  	   60	  mM	  Tris-­‐HCl	  (pH	  6.8),	  25	  %	  glycerol,	  2	  %	  SDS,	  14.4	  mM	  2-­‐mercapto-­‐ethanol,	  0.1	  %	  brom-­‐phenolblue	  LB	  agar	  plates	   LB	  medium	  with	  1.5	  %	  agar	  LB	  medium	  	  	   10	  g/l	  Bacto-­‐Trypton,	  5	  g/l	  bacto-­‐yeast	  extract,	  10	  g/l	  NaCl	  SDS	  running	  buffer	  	   25	  mM	  Tris-­‐base,	  192	  mM	  glycine,	  0.1	  %	  SDS	  Separation	  buffer	  	   1.5	  M	  Tris-­‐HCl	  (pH	  8.8)	  SOC	  medium	  	  	   20	  g/l	  Bacto-­‐Trypton,	  5	  g/l	  bacto-­‐yeast	  extract,	  0.5	  g/l	  NaCl,	  2.5	  mM	  KCl,	  10	  mM	  MgCl2,	  20	  mM	  glucose	  	  Stacking	  gel	  buffer	  	   0.5	  M	  Tris-­‐HCl	  (pH	  6.8)	  Transfer	  buffer	  	  	   25	  mM	  Tris-­‐base,	  192	  mM	  glycine,	  0.1	  %	  SDS,	  20	  %	  methanol	  
	  
	  
6.1.5	  	   Bacterial	  strains	  SCS110	   Stratagen	  XL10	  Gold	   Stratagen	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6.1.6	   Mammalian	  cell	  lines	  A431D:	  	  	  Derivative	   of	   A431	   cells	   that	   do	   not	   express	   a	  classical	   cadherin	   but	   do	   express	   α	   –actinin.	  A431	  are	  derived	   from	  epidermoid	  carcinoma,	  skin/epidermis.	  
Kindly	   provided	   by	   Prof.	   Alpha	   Yap,	   Institute	  for	   Molecular	   Bioscience,	   University	   of	  Queensland,	  Australia	  




6.1.7	   Laboratory	  equipment	  	  Centrifuge	  5415R	  	   Eppendorf	  Centrifuge	  5810	  R	   Eppendorf	  Concentrator	  5301	   Eppendorf	  DU	  800	  fluorescent	  spectrometer	   Beckman	  Coulter	  Gel	  Imaging	  Station	  	   Bio-­‐Rad	  	  Microlab	  Star	  Line	  Liquid	  Handling	  Workstation	  	   Hamilton	  Nanodrop	  ®	  ND-­‐1000	  spectrophotometer	  	   Peqlab	  Biotechnologie	  GmbH	  Odyssey	  Infrared	  Imager	  	   LI-­‐COR	  	  Biosciences	  PCR-­‐Cycler\Mastercycler	  	   Eppendorf	  Plate	  Centrifuge	  5430	  	   Eppendorf	  Robot	  spotter	  Qarray2	  	   Genetix	  /	  Molecular	  devices	  Semi-­‐dry	  western	  blot	  system	   Bio-­‐Rad	  Solid	  microarray	  pins	  300	  nm	  diameter	   Array-­‐It	  corporation	  Solid	  microarray	  pins,	  500	  nm	  diameter	   Array-­‐It	  corporation	  Vi-­‐Cell-­‐XR	  Cell	  counter	   Beckman	  Coulter	  
	  
	  
6.1.8	   Microscope	  equipment	  	  10x	  objective	  (UPSLAPO	  10×)	   Olympus	  20×	  objective	  (UPSLAPO	  20×)	   Olympus	  40x	  objective	  (UPSLAPO	  40×)	   Olympus	  4x	  objective	  (UPSLAPO	  4×)	   Olympus	  Acousto-­‐optic	  modulator	  (SWM-­‐804AE1-­‐1)	   IntraAction	  Acousto-­‐optic	  tunable	  filter	  (AOTFnC-­‐VIS-­‐TN)	   AA	  Acousto-­‐optic	  tunable	  filter	  Controller	  (AA,MDS8C-­‐D66-­‐22-­‐80.153)	   AA	  Computer	  controlled	  stage	  	  (SCAN	  IM	  120	  ×	  100)	   Märzhäuser	  Dichroic	  filter	  (530LP)	   Chroma	  Emission	  filter	  (538/25)	   Chroma	  Fast	  photodiode	  (DET10A)	   Thorlabs	  Fiber	  (#46688-­‐03)	   Schäfter	  &	  Kirchhoff	  GmbH	  FluoView	  1000	  Spectral	   Olympus	  Fully	  motorized	  microscope,	  IX81	   Olympus	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High	  frequency	  oscilloscope	  (TDS	  820)	   Tektronix	  Intensified	  CCD	  and	  controller	  	  (Picostar	  HRI	  12)	   LaVision	  Iris	  diaphragm	  (ID25/M)	   Thorlabs	  Laser	  (Innova	  305)	   Coherent	  Mirrors	  and	  mirror	  holders	  (KM100-­‐E02)	   Thorlabs	  Mode	  scrambler	  	   (home	  built)	  RF	  Amplifier	   IntraAction	  Rotation	  mount	  (PR01)	   Thorlabs	  Two	  signal	  generators	  (2023A)	   Aeroflex	  U-­‐MNUA2	   Olympus	  U-­‐MRFPHQ	   Olympus	  U-­‐MYFPHQ	   Olympus	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6.2	  	   On-­‐Target-­‐Plus-­‐pool	  siRNA	  library	  	  	  RODPC	  Custom	  Plate	  Maps	  OTPTM	  siARRAY®	  DHARMACON	  –	  RNA	  TECHNOLOGIES	  
Appendix	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